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CHAPTER  1 


IN  PLACE  OF  AN  INTRODUCTION 

1.  An  Electrical  Discharge  in  a Liquid  - A Process  With  a 
High  Concentration  of  Energy. 

The  development  of  technology  has  brought  to  the  attention  of 
physics  the  task  of  investigating  processes  with  great  concentrations 
of  energy, high  pressures  and  temperatures.  A pulsed  electrical 
discharge  in  a liquid  is  one  such  process.  The  high  temperature 
and  pressure  arise  as  a result  of  the  rapid  release  of  energy  of  a 
condenser  in  the  discharge  channel.  These  qualities  of  pulsed 
electrical  discharges  ir.  liquids  are  used  widely  in  the  development  . 
of  new  technological  processes  of  machining  different  materials 
and  in  the  creation  of  new  means  of  energy  conversion. 

In  1 B.  R.  Lazarenko  and  N.  I.  Lazarenko  l J]  mentioned  the 
possibility  of  using  pulsed  electrical  discharges  in  a liquid  for  ma- 
chining  metal.  At  the  present  time  this  method  has  obtained  wide 
use  in  many  branches  of  industry.  The  electrosparking 
of  metals  basically  makes  use  of  the  ability  of  pulsed  discharges 
in  a liquid  to  create  a dense  high- temperature  plasma.  The  liquid 
here  primarily  functions  to  inhibit  expansion  of  the  channel,  as 
a consequence  of  which  the  density  of  the  energy  released  in  the 
channel  is  increased  and,  consequently,  the  temperature  and  pres- 
sure of  the  plasma  in  the  channel  are  raised.  The  physical  founda- 
tions of  electrosparking  of  metal  have  been  studied  intensively 
[ ?]. 


Thanks  to  the  high  temperature  and  pressure  of  the  plasma  in 
the  channel  pulsed  electrical  discharges  in  water  may  serve  as  a 
source  of  high  intensity  light  ' 3,  • 


, * t,  f 


At  different 

. llo:.  v.  : 


a many  investigators  have  turned  their 

"1  a 1 discharges  in  water 


to  create  high  pressures.  The  fact  that  a discharge  in  a liquid 
nay  have  destructive  force  was  recorded  in  1767-1769  by  Lane  and 
Priestly C 4,  5 1 The  possibility  of  creating  cumulative  jets  under 
the  influence  of  the  pressure  arising  during  an  electrical  dis- 
charge in  a liquid  was  mentioned  in  1944  by  Pokrovskiy  and 
Stanyukovich  161.  Prungel  [73  in  1948  undertook  the  first  attempt 
to  measure  the  electromechanical  efficiency  of  a discharge  in 
water.  The  possible  applications  of  an  electrical  discharge  in  seismic 
surveying  »:e:\.  mentioned  in  1952  by  Vogel  18]  and  in  1955  by  I'azov 
and  Meyer  C 9j • The  active  popularization  of  the  applications  of 
this  phenomenon  by  Yutldm  “ 1 OJ  led  to  the  wide  application  of 
pulsed  electrical  discharges  in  water  for  performing  such  classic 
manufacturing  processes  as  stamping,  grinding,  fettling,  and 
so  forth. 

Pulsed  electrical  discharges  in  water  are  used  as  powerful 
sound  sources,  useful  in  hydroacoustic  and  hydrogeological  re- 
search [11,12]. 

In  practice  discharges  with  highly  distinctive  parameters  are 

used.  The  principal  parameters  - the  energy  of  the  discharge  and 

its  duration  - may  vary  within  a very  wide  range.  While  in 

the  case  of  electrosparking  of  metals  the  discharge  energy  amounts 

to  a few  joules,  in  manufacturing  processes  and  in  devices  in  which 

a discharge  serves  as  a source  of  pressure  pulses,  the  energy  of 

one  discharge  reaches  10-  10^  J.  The  durations  of  the  discharges 

also  may  differ  significantly.  Usually,  discharges  are  used  at 

close  to  critical  conditions  since  these  conditions  provide  for  the 

most  rapid  transmission  of  the  energy  of  the  storage  device  into 

the  discharge  channel,  and,  as  will  be  shown  below,  the  greatest 

electroacoustic  efficiency.  The  duration  of  a discharge  in  this 

case  is  determined  approximately  by  the  value  2n  /LC,  where  L and 

C are  respectively  the  inductance  and  capacitance  of  the  discharge 

circuit.  Discharge  durations  lie  in  the  range  from  tenths  to 

hundreds  of  microseconds.  The  pulsed  electrical  strengths  developed 

2 c 

during  di :;ci •••r:  re'* eh  values  on  the*  order  of  10  - 1 0J  kW. 


Depending  on  the  energy  of  a discharge  and  its  duration,  the 
energy  densities  in  the  discharge  channel  may  also  differ  signifi- 
cantly, in  some  cases  reaching  values  of  102  - l(Pj/cm2,  which  in 
all  1b  only  one  order  of  magnitude  below  the  energy  density  in  the 
case  of  explosions  of  solid  explosives.  The  pressure  in  the 
channel  is  raised  to  several  thousand  atmospheres,  and  the  tempera- 
ture - to  several  tens  of  thousands  of  degrees.  In  some  cases, 
when  the  magnetic  energy  density  is  on  the  same  order  of  magnitude 
as  the  gas  kinetic  energy  density  of  the  particles  in  the  channel, 
the  influence  of  magnetic  pressure  on  the  channel  (the  pinch  effect) 
may  prove  to  be  significant.  In  practice,  primarily  discharges 
with  moderate  energy  densities  are  used  in  a channel,  the 
expansion  of  the  channel  causing  a disturbance  of  the  density  of 
the  surrounding  liquid,  small  in  comparison  with  the  equilibrium 
state,  and  the  magnetic  pressure  is  small  in'  comparison  with  the 
kinetic  gas  pressure. 


The  physical  phenomena  which  appear  during  an  electrical  dis- 
charge in  a liquid  had  not  been  studied  sufficiently.  In  particular, 
the  hydrodynamic  characteristics  of  discharges,  a knowledge  of 
which  is  important  for  practical  applications,  have  been  studied 
insufficiently.  The  present  monograph  is  dedicated  to  the  investi- 
gation of  electrical  discharges  from  the  hydrodynamic  point  of 
view. 

In  this  study,  basically,  we  examine  electrical  discharges  in 
water  with  moderate  energy  densities  in  the  channel,  since  this 
case  is  the  most  interesting  for  many  applications  of  an  electrical 
discharge  as  a source  of  pressure  pulses. 

A quantitative  picture  of  the  phenomena  during  an  electrical 
discharge  in  water  in  their  actual  sequence  is  presented  in  the 
next  section  of  this  chapter. 


The  means  of  initiating  an  electrical  discharge  in  a liquid 
used  experimentally  are  described  in  Chapter  2. 


J 


The  processes  which  take  place  in  the  discharge  channel  and 
the  properties  of  the  matter  in  it  are  examined  in  Chapter  3- 
Experimental  information  on  the  electrical  characteristics  of  the 
discharge  and  the  rates  of  expansion  of  the  channel,  and  also 
estimates  of  the  pressures  and  temperatures  in  the  discharge  channel , 
are  presented.  The  properties  of  the  low  temperature  dense  plasma 
formed  in  the  discharge  channel  are  examined  and  an  energy  balance 
equation  is  derived.  The  specific  form  of  this  equation  depends  on 
the  form  of  the  equation  defining  the  pressure  in  the  channel  as  a 
function  of  the  radius  of  the  channel  and  its  derivatives.  In  order 
to  determine  this  relationship  in  different  cases,  hydrodynamic 
problems  of  the  expansion  of  a cavity  in  a liquid  are  examined  in 
Chapter  b . 

On  the  basis  of  the  results  of  the  third  and  fourth  chapters, 
theoretical  models  of  an  electrical  discharge  in  water  are  con- 
structed in  Chapter  5* 

The  results  of  calculations  are  cr...ipared  with  experiments  in 
Chapter  6. 

This  monograph  is  based  primarily  on  the  studies  of  the 
authors  and  their  colleagues:  D.  P.  Frolov,  M.  I.  Charushina, 

A.  I.  Ioffe,  V.  Ye.  Gordueyev,  K.  P.  Krlvosheyev,  V . I.  Demchenko, 

B.  N.  Drapezo,  N.  G.  Kozhelupova,  and  R.  A.  Volchenkova , who  took 
part  in  the  study  in  different  stages.  The  authors  extend  them 
their  most  sincere  thanks.  The  authors  also  thank  L.  M.  Kvasova 
for  her  help  in  preparing  the  manuscript  for  printing. 

2.  Physical  Phenomena  During  an  Electrical  Discharge  in 
Water. 


The  principle  phenomena  characteristic  of  electrical  discharges 
in  a liquid  are  described  briefly  in  this  section.  First  we  consi- 
der the  so-called  pre-discharge  stage,  during  the  course  of  which 

the  d 5 noV'T-gf'  ch-'-'t'cl  o ! or.inr  the  gap  between  the  el  re  trod  on  is 
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formed,  and  then  consider  the  phenomena  which  take  place  during  the 
release  of  the  energy  of  the  condenser  in  the  discharge  channel,  and 
finally,  the  pulsations  of  the  gas  bubble  after  the  discharge. 

A typical  process  of  the  initiation  of  a discharge  is  the 
breakdown  of  theelectrode  gap  in  a liquid  under  the  influence  of 
the  electric  voltage  appearing  on  the  electrodes  when  a charged 
condenser  is  connected  with  them.  In  the  voltage  range  used  in 
practice  (1-100  kV),  two  breakdown  mechanisms  are  known  i the 
streamer,  or  leader  meachanism,  corresponding  to  high  voltages, 
and  the  thermal  mechanism  which  takes  place  in  the  case  of  low 
voltages.  The  most  favorable  conditions  for  the  appearance  of 
a leader  breakdown  occur  in  the  case  of  high  voltage  non-uniform 
fields  between  a positive  point  and  a negative  plane.  As  a result 
of  the  breakaway  of  the  Townsend  ionization  rushing  to# the  point, 
leaders  are  formed,  growing  in  the  direction  of the  ionization 
centers  on  which  the  Townsend  ionization  was  formed.  This  process 
is  reminiscent  of  gas  breakdown.  The  set  of  leaders  on  the  positive 
point  have  the  form  of  a brush  corona.  The  closure  of  the  electrode 
gap  by  one  of  the  leaders  leads  to  the  completion  of  the  process 
of  their  formation  of  the  discharge  channel.  This  mechanism 
provides  for  the  breakdown  of  electrode  gaps  several  centimeters  in 
length  with  voltages  of  several  tens  of  kilovolts.  The  breakdown 
lag,  that  is,  the  time  between  the  moments  of  switching  on  the 
voltage  and  forming  the  channel,  in  the  case  of  leader  breakdown 
is  practically  independent  of  the  amount  of  hydrostatic  pressure, 
at  least  up  to  1000  atm. 


In  the  case  of  low  voltages  the  leader  mechanism  of  breakdown 
is  replaced  by  the  thermal  mechanism.  Heating  and  evaporation  of 
the  water  near  the  electrodes  takes  place  under  the  influence  of 
conduction  current.  As  a result,  a gas  "bridge ",  along  which  the 
breakdown  of  the  electrode  gap  takes  place,  is  formed  between  the 
electrodes.  Distinctive  features  of  this  mechanism  of  a discharge 
initiation  are  the  great  breakdown  delay,  reaching  a value  of 
several  ml  1 1 i c»r  '1  r: , the  length  of  the  gans  which  een  be 
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broken  down,  and  the  great  increase  in  the  breakdown  lag  with  an 
increase  in  hydrostatic  pressure. 

A discharge  may  be  initiated,  if  technological  factors  require 
it,  also  with  the  use  of  auxilliary  moans. 

After  the  formation  of  a channel  an  intense  discharge  current, 
reaching  tens  and  hundreds  of  kiloamps,  heats  the  plasma  even  at 
the  initio]  stage  of  the  discharge  to  a temperature  on  the  order  of 

/j,  Q 

10  II.  During  the  discharge  process,  while  the  current  is  flowing, 
the  plasma  temperature  varies  insignificantly,  dropping  after  the 
end  of  the  discharge. 

Heating  the  plasma  produces  an  increase  in  pressure  in  the 
channel.  Under  the  influence  of  the  elevated  pressure  the  channel 
expands.  The  pressure  in  the  channel  passes  through  a maximum 
during  the  discharge  process « in  the  initial  stage  of  the  discharge 
the  pressure  in  the  channel  increases,  in  spite  of  the  increase  in 
its  volume,  and  drops  only  toward  the  end  of  the  discharge.  A 
pressure  in  the  channel  at  the  maximum  reaches  a value  on  tne  order 
of  1(K  atm  in  the  case  cf  a moderate  energy  density  in  the  channel. 

The  plasma  density  during  the  discharge  process  varies  insigni- 
ficantly and  is  maintained  at  a level  of  1020  particles  /cm"-* . This 
takes  place  because  the  decrease  in  plasma  density  due  to  the  ex- 
pansion of  the  channel  is  compensated  by  the  arival  of  new  particles 
as  the  result  of  the  evaporation  of  water  from  the  channel  wall. 

The  resistance  of  the  channel  in  the  initial  stage  of  the 
discharge  drops  because  of  the  increase  in  the  cross  section  of  the 
channel  and  because  of  a certain  increase  in  the  specific  conductance 
of  the  plasma.  Toward  the  end  of  the  discharge  the  resistance  of 
the  channel  increases  in  spite  of  the  continuing  expansion  of  the 
channel . 
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This  takes  place  because  of  the  cooling  of  the  plasma  and 
deionization  caused  by  this  process. 


The  expansion  of  the  channel  continues  even  after  energy 
ceases  to  be  released,  first  under  the  influence  of  the  pressure 
which  is  elevated  in  comparison  with  the  hydrostatic  pressure,  and 
then  as  a result  of  the  inertia  of  the  flowing  liquid.  In  the  post- 
discharge state,  the  channel  is  converted  into  a gas  bubble.  The 
expansion  of  the  bubble  continues  until  the  kinetic  energy  of  the 
flow  is  completely  converted  into  the  potential  energy  of  the  bubble, 
the  pressure  in  which  is  significantly  less  than  the  hydro- 
static pressure.  Then,  reverse  motion  of  the  liquid  takes  place 
under  the  Influence  of  the  hydrostatic  pressure.  The  potential 
energy  again  is  converted  into  the  kinetic  energy  of  the  converging 
flow.  When  the  cavity  is  slammed  shut  the  pressure  of  the  gas  in  it 
increases  sharply.  Under  the  influence  of  this  pressure  the  liquid 
is  thrown  back,  and  the  proceso  1s  repeated  in  the  form  of  several 
successive  damping  pulsations.  The  period  of  the  pulsations  and 
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Figure  1.1.  Profile  of  compression  wave  emitted  by  an 
electrical  discharge  in  u liquid. 


Figure  1.2.  Oscillogram  of  compression  wave  at  a distance  of 

1 m from  a discharge. 

the  maximum  bubble  radius  are  determined  by  the  amount  of  energy 
released  in  the  channel. 

The  expansion  of  the  channel  in  the  discharge  stage  and  the 
subsequent  pulsations  of  the  bubble  are  accompanied  by  the  emission 
of  compression  and  rarefaction  waves.  Compression  waves  are  emitted 
in  the  discharge  stage  and  during  the  following  bubble  welding, 
when  the  high  pressure  in  the  channel  and  then  in  the  compressed 
bubble  causes  compaction  of  the  adjacent  layers  of  liquid.  Com- 
pression waves  alternate  with  relatively  long  rarefaction  waves, 
which  are  emitted  in  stages  when  the  pressure  in  the  bubble  is  lower 
than  the  hydrostatic  pressure.  A typical  profile  of  a compression 
wave  arising  in  a liquid  as  a result  of  an  electrical  discharge  is 
shown  in  Fig.'..  1.1  and  1.2. 

In  the  case  of  the  intensive  release  of  energy  the  rate  of 
expansion  of  the  channel  may  become  comparable 

to  the  speed  of  sound  in  the  liquid  and  even  exceed  it.  In  these 
cases  a compression  wave  propagating  in  a liquid  is  converted  in- 
to a rhock  wave  in  the  immediate  vicinity  of  the  channel  or  even  is 
emitted  immediately  in  the  form  of  a shock  wave.  The  energy  re- 
leased in  the  discharge  channel  basically  is  expended  in  the  work 
performed  by  the  channel  during  expansion  (around  $0%) , and  in 
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The  work  performed  by  the  channel  is  subdivided  into  the 
compression  wave  energy  emitted  in  the  discharge  stage  (up  to  20#), 
and  the  gas  bubble  pulsation  energy,  equal  to  the  potential  energy 
of  the  bubble  at  the  moment  of  maximum  volume  (up  to  30#).  The 
pulsation  energy  gradually  is  consumed  in  the  emission  of  compres- 
sion and  rarefaction  waves  and  in  other  losses. 

Pig.  1.1  shows  a scheraaticized  profile  of  a pressure  wave, 
and  Fig.  1.2  a profile  recorded  experimentally  at  a distance  of 
1 m from  a discharge  channel  0.9  v f in  capacity  at  30  kV»  the 
length  of  the  channel  is  6 cm»  the  inductance  of  the  discharge 
circuit  is  3 yHi  the  time  markings  are  1 mseci  the  amplitude  of 
the  compression  pulse  emitted  by  the  discharge  in  the  direction 
perpendicular  to  the  channel  is  9 atm.  In  the  channel  of  this 
discharge,  the  conditions  of  which  are  close  to  critical,  around 
350  J of  energy  m about  10  p sec  was  released.  Pulses, 

reflected  from  the  tank  wall  and  from  the  free  surface  of  the  water, 
are  seen  on  the  experimental  curve  after  the  compression  pulses. 
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CHAPTER  2 


DISCHARGE  INITIATION 

1.  Introduction. 

Discharge  initiation  is  understood  as  meaning  the  process  of 
creating  a current  conducting  channel,  closing  an  electrode  gap, 
in  r.  liquid.  This  process  may  be  based  upon  different  physical 
phenomena.  The  principal  one  is  the  breakdown  of  the  liquid  under 
the  influence  of  voltage  applied  to  the  electrodes.  With  sufficiently 
high  electric  intensities,  the  breakdown  of  a liquid,  similar  to  the 
breakdown  of  a gas,  is  characterised  by  the  formation  cf  leaders 
which  develop  from  one  elec  rede  to  another.  In  the  case  of  low 
field  intensities  and  in  liquids  having  sufficiently  high  conduc- 
tivity, a gas  cavity,  along  which  electric  breakdown  then  takes 
place,  first  forms  be -ween  the  electrodes. 

In  addition  to  these  phenomena  other  means  may  also  be  used 
for  initiating  a discharge,  for  example,  the  vaporization  of  small 
wet  metal  wires  with  which  the  electrodes  are  connected  prelimi- 
narily. For  discharge  initiation  it  is  possible  to  use  preliminary 
breakdown  of  the  electrode  gap  under  the  influence  of  high  voltage 
from  an  auxilliary  source,  and  also  breakdown  along  a gas  bubble 
artificially  formed  between  the  electrodes. 


The  variety  of  methods  of  initiating  discharges  stems  from  the 
necessity  of  creating  discharges  in  different  conditions,  namely i 
under  different  initial  working  voltages,  in  liquids  with  different 
conduct..-. no'.-  and  under  different  hydrostatic  pressures,  and  also 
from  the  necessity  of  forming  discharge  channels  with  different 
parameters.  The  latter  is  important  for  matching  the  resistance  of 
the  channel  wj  l.h  the  resistance  of  the  conducting  circuit  in  order 


create  irsigni  fie  an  l losses  in  transmitting  energy  from  the 


condenser  to  the  channel. 


l. 


In  addition,  when  using  electrical  discharges  as  sources  of 
compression  pulses  it  is  necessary  that  the  mean  resistance  of  the 
channel  with  respect  to  time  be  close  to  the  critical  resistance  of 
the  discharge  circuit.  Fulfilling  this  condition,  as  will  be  shown 
below,  provides  for  the  maximum  efficiency  of  the  discharge.  For 
investigative  purposes  sometimes  it  is  necessary  to  obtain  a channel 
of  a certain  form,  for  example  cylindrical}  this  is  easy  to  do  by 
initiating  discharges  with  wires. 

The  method  of  initiation  used  usually  must  provide  for  a 
brief  initiation  process  in  comparison  with  the  duration  of  the 
discharge  itself  for  stability  of  the  discharge  and  for  low  energy 
consumption. 

In  the  following  sections  we  shall  consider  several  methods  of 
initiating  discharges  in  water. 

2.  Initiating  discharges  by  high  voltage  breakdown  in  weakly 
conducting  water. 

The  conductance  of  water  exerts  significant  influence  on  the 

processes  of  discharge  initiation.  In  cases  important  for  practical 

purposes  conductances  may  vary  within  quite  wide  limits i from  a 

value  on  the  order  of  10~^  (ohm  x cm)~*  for  tap  water  to  a value 

-2  —1 

on  the  order  of  10  (ohm  x era)  for  sea  water.  Discharges  in 
weakly  conducting  water  arc  used  most  widely.  Discharge  initiation 
in  this  case  usually  is  f rimed  by  means  of  electrode  gap  breakdown 
under  the  influence  of  high  voltage  applied  to  electrodes.  The 
voltages  used  here  reach  100  kV.  The  mechanism  of  breakdown  under 
the  action  of  high  voltages  comer;  down  to  the  formation  and  develop- 
ment of  leaders  up  to  the  point  where  one  of  them  closes  the  electrode 
Gap* 

For  leader  formation  it  is  necessary  that  the  field  strength 
at  the  electrode*  surface  «*xeeeJ  ;j  threshold  value  on  the  order  of 
r.r V'  r"- 1 r ’ ovoM  r*  tv  r centimeter.  Point  - plane  or  point  - 

t : 


point  type  electrodes,  creating  an  intensely  non-uniform  field, 
are  used  to  create  the  maximum  possible  field  strengths.  The 
field  strength  at  a point  with  a radius  of  curvature  r which  is 
less  than  the  length  of  the  electrode  gap  l,  may  be  found  according 
to  the  approximation  formula 


E « 


(2.1) 


- for  point-plane  type  electrodes  arid  according  to  the  formula 


(2.2) 


- for  point-point  type  electrodes. 


These  formulas  show  that  the  field  strength  at  a point  is  de- 
termined primarily  by  the  radius  of  curvature  of  the  point  r and 
by  the  voltage  u,  it  being  higher  for  the  case  of  electrodes  of 
the  point-plane  type. 


Figure  2.1.  Discharge  channel. 


The  minimum  field  :* !•  nrtn,  calculated  according  to  formula 
(2.1),  at  which  leaders  still  appear,  proves  to  be  approximately 
equal  to  36  kV/cfu  and  corresponds  to  the  case  of  a positive  point 
in  the  negative  plane  l1  ).  This  result  is  obtained  in  experiments 
with  a point  in  the  form  of  a rod  insulated  with  a vacuum  rubber 
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Figure  2.2. 


Discharge  channel . 


Figure  2.3.  Development  of  streamers  in  tap  water.  Positive 
electrode  point,  negative  plate.  = 108  kV,  electrode 

gap  17.5  cm. 


tube  8 mm  in  diameter  with  a tip  sharpened  into  a cone  with  an  angle 
of  30°.  The  radius  of  curvature  of  the  point  was  0.5  - 4 mm  and 
the  water  contact  area  was  0.8  - U cm2.  The  voltages  used  were  in 
the  16  - 100  kV  range,  and  the  capacitance  of  the  storage  device 
varied  within  the  limits  of  0.01  - 10  uf.  The  reliability  of  the 
minimum  amount  of  field  r.~  h corresponding  to  the  threshold  of 

the  appearance  of  leaders  in  unknown  for  other  conditions,  not  so 
much  h '••cause  of  the  approximate  nature  of  the  calculating  formula, 
but  because  of  distortions  of  the  field  at  the  electrode  point 
introduced  by  different  it. c tors.  The  dcg.ee  of  surface  roughness 
of  the  electrode  plays  a significant  role  in  the  process  of  leader 
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polishing  the  tip  f r?1 . It  is  possible  that  a gap  film,  the  break- 
down of  which  also  is  an  indicator  of  leader  formation,  is  formed 
during  the  delay  as  a result  of  water  being  heated  by  the  current 
on  the  electrode.  The  presence  of  roughness  facilitates  the  forma- 
tion of  gas  bubbles  at  individual. points.  Insulation  of  the 
lateral  surface  of  the  point  plays  a significant  role  in  the  process 
of  leader  formation.  Insulation  is  necessary  in  order  to  exclude 
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Figure  2.4.  Development  of  streamers  in  tap  water. 

Positive  electrode  point,  negative  plate.  uQ  = 108  kV, 
electrode  gap  16.5  cm. 

r~ 


Figure  2.5*  Development  of  a streamer  in  tap  water. 

Negative  electrode  point,  positive  plate.  uQ  = 108  kV, 
electrode  gap  1.5  cm.  u 

contact  of  the  high  voltage  electrodes  with  other  parts  of  the 
device.  The  presence  of  insulation  creates  field  distortion  due 
to  the  appearance  of  charges  settling  on  the  surface  of  the  insu- 
lating dielectric.  The  formation  of  a leader  therefore  takes  place, 
as  a rule,  not  on  the  point,  where  the  theoretical  field  strength  is 
l maximum,  but  a*,  the  border  of  the  electrode  with  the  insulation. 
This  phenomenon  is  seen  clearly  ; a photograph  of  a discharge 
between  electrodes  in  the  form  of  two  rods  10  mm  in  diameter  and 
with  an  electrode  rr.p  of  2 . 0 cm.  The  vet  tare  on  tho  electrodes 
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before  breakdown  in  50  kv  (Figs.  2.1  and  2.2  [2]j.  This  effect 
leads  to  the  destruction  of  the  insulation  and  limits  the  service 
life  of  the  electrode. 

Electrode  polarity  has  a marked  influence  on  leader  formation. 

The  pre-leader  time  - the  time  of  the  formation  of  a leader  for  a 
negative  point  in  the  positive  plane  - is  somewhat  less  than  in  the 
case  of  a positive  point  if  the  field  strengths  do  not  exceed 
85  kV/cm.  In  the  case  of  high  field  strength,  approximately 
350  kv/cm,  the  situation  is  the  reverse.  In  this  case,  the  time 
of  leader  formation  is  not  more  than  0.5  sec  for  a positive  point,  ~-nd 
for  a negative  one.  1-2  ;isec  [1], 

The  development  of  leaders  in  the  gaps  between  a point  in  a 
plane  ta'.:c-u  place  significantly  differently  depending  on  what 
polarity  the  point  has  [3]. 

In  the  case  of  a positive  point,  the  Townsend  ionizations 
rushing  to  the  point  from  the  individual  centers  of  ionization, 

“mark  out"  the  path  for  the' growth  of  leaders.  Figs.  2.3  and  2.4 
show  photographs  of  the  streamer  picture  which  appears  in  an  electrode 
gap  17*5  and  16.5  cm  long  formed  by  a positive  tip  and  a negative 
grinded  plane  in  tap  water.  The  working  voltage  of  the  storage 
device  is  108  kV,  and  the  capacitance  is  0.1  uf.  The  positive 
electrode  was  the  end  of  an  P.:;-3  cable  with  the  outer  insulation 
and  braiding  removed j the  diameter  of  the  high  voltage  insulation 
is  9 mm  and  the  diameter  of  the  inner  wire  is  1-37  mm. 


In  the  case  of  a negative  point  the  electric  field  "blows  out" 
electrons  from  the  point,  evidently,  significantly  more  uniformly. 

A negative  space  charge  is  formed  around  the  point,  lowering  the 
field  1. ~Vn  in  the  area  of  the  negative  electrode.  This  effect 
hinders  lender  formation.  In  tnis  situation  the  presence  of  a 
positive  surface  charge  on  the  electrode  insulation  plays  an  impor- 
tant role. 
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The  field  picture  changes  sharply  thanks  to  these  charges. 
Great  field  gradients  appear  in  the  direction  from  the  point  to 
the  insulation  surface,  and  a leader  is  formed  in  this  direction. 

A leader,  spreading  along  the  insulation  surface  of  a negative 
electrode  point,  is  shown  in  the  photograph  given  in  Fig.  2.5* 

This  photograph  was  taken  in  conditions  differing  from  the  condi- 
tions which  obtained  in  the  case  of  the  photographs  in  Figs.  2.3 
and  2.4  only  by  th%  fact  that  the  electrode  polarity  is  changed 
and  the  inner  electrode  distance  is  decreased  to  1.5  cm. 

Thus,  the  most  favorable  conditions  for  the  appearance  of 
leaders,  necessary  for  closing  an  electrode  gap,  exists  on  a posi- 
tive high  voltage  point.  The  dynamics  of  the  growth  of  leaders  in 
the  electrode  gap  formed  by  a positive  point  and  a negative  plane 
depends  on  the  amount  of  voltage,  the  capacitance  of  the  storage 
device,  and  the  amount  of  point  area  in  contact  with  the  water. 
Information  on  the  development  of  leaders  usually  is  obtained  by 
means  of  photographing  leaders  by  the  self -exposure  method,  exam- 
ples of  v/hich  are  the  photographs  in  Figs.  2.3  - 2-5  ; by  high 
speed  motion  picture  photography,  an  example  of* which  is  shown  in 
Fig.  2.6;  by  photography  with  the  use  of  image  conversion  [43;  by 
motion  picture  photography  with  direct  illumination  [5]  and  by 
oscillography  of  the  discharge  current  and  voltage  in  the  electrode 

gap. 


The  following  basic  rules  will  be  established  according  to  the 
results  of  an  experimental  investigation  of  the  development  of 
leaders . 


The  magnitude  of  the  strength  at  a point,  depending  on  the 
voltage  and  radius  of  curvature  of  the  point  surface,  in  contact 
with  the  water,  determines  the  number  of  leaders  which  appear.  The 
higher  the  field  strength,  the  greater  is  the  number  of  leaders 
which  develop  . A quantitative  idea  of  the  dependence  may  be 
obtained  according  to  photographs  of  the  brush  corona  on  Fig.  2.3, 
tat  on  •"  t 1 o'~  k ; on  »•' i ir.  2.7  and  2.8,  where  the  corona  on  the 
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Figure  2.6.  Photographs  of  streamer  development. 

same  electrodes  is  depicted,  but  v/ith  a voltage  of  30  k7,  a 
condenser  capacitance  of  0-33  pf  and  electrode  gaps  of,  respectively, 
10  and  9 cm.  In  these  photographs  it  is  obvious  that  at  36kV  the 
number  of  leaders  is  significantly  less  than  at  103  kV.  This  is 
explained  by  the  fact  that  with  an  increase  in  field  strength 
avalanches  are  formed  on  nucleii  having  a higher  ionization  poten- 
tial. 


After  the  formation  of  the  leaders,  their  development  is  de- 
termined by  the  field  strength  at  their  heads.  When  the  field 
strengths  prove  to  be  lower  than  a certain  critical  value,  the 
formation  of  avalanches  ceases  and  the  growth  of  the  leader  stops. 

The  field  strengths  at  the  head  of  a leader  drop  for  two  reasons: 
due  to  a voltage  drop  along  the  length  of  the  leader  and  due  to  a 
decrease  in  voltage  on  the  electrodes  as  a consequence  of  the  dis- 
charge of  the  condenser.  Therefore,  the  higher  is  the  voltage  on  the 
condenser,  and  the  greater  its  capacitance,  the  greater  is 
maximum  loir  th  of  leaders:.  For  example,  in  the  case  of  a 
capacitance  0.1  jtf  and  voltages  of  10,  30  and  100  kV,  the  maximum 
!■  : "J.:.  V.  ’ ■ .'f  : < ■.  a j-  y.j  ’ el  eelro*.'*.  mdc  of  a 
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RK-3  cable,  is  equal,  respectively,  to  1,  4 and  15  cm.  If  we  leave, 
the  voltage  equal  to  30  ky.  then  with  condenser  capacitances  of 
0.1,  0.2,  0.4,  0.9  and  1.6  /tf  the  maximum  leader  length  will  be, 
respectively,  4,  4.5,  5.  5*5  and  6 cm.  The  maximum  leader  length 
passes  through  a maximum  if  the  voltage  is  increased, maintaining 
the  energy  of  the  storage  device  constant.  In  this  case,  the 
effect  of  the  increasing  voltage  first  is  neutralized,  and  then 
is  cancelled  by  the  effect  cf  the  reduction  in  the  constant  time  of 
the  condenser  discharge  due  to  the  reduction  in  capacitance  and 
also  due  to  the  reduction  in  the  resistance  of  the  electrode  gap 
because  of  the  increase  of  coronal  branching. 


Kuzhekin  [l]  obtained  empirical  formulas  characterizing  the 
growth  of  positive  leaders,  valid  for  the  following  conditions: 
voltage  range  u = 15  - 100  kV,  condenser  capacitance  range  C = 

p 

0.1  - 10  n? , point  area  S = 0.8  - 4 cm  . The  point  is  made  in  the 
form  of  a rod  8 mm  in  diameter,  sharpened  into  a cone  with  an 
angle  of  30°,  and  a radius  of  curvature  of  the  tip  of  the  cone 
r = 0.5  - 4 mm.  The  conductivity  of  water  . «r~10-^  (ohm  x cm)-1,  ^ 
the  negative  electrode  is  a plate. 

! ~ - 
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Figure  2.7«  Brush  corona.  Positive  electrode  - point. 


For  these  conditions  the  maximum  length  of  the  leaders,  and, 
consequently,  the  maximum  disruptive  length  of  the  electrode  gap 
is  determined  by  the  formula 


U.'i  C>r 
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(2.3) 


R#pr©duc«d  from 
b«»t  pygibblo  copy. 


Here  = 18  x lCr  In  4*/r  is  the  voltage  corresponding 
to  the  minimum  field  strength  at  which  leaders  still  appear 
(36  kV/cm)s  a is  a constant  equal  to  36OO  sec  x V7CB1  * is  the 
distance  between  electrodes. 

The  length  of  a gap  requiring  not  more  than  10%  of  the  energy 
of  the  storage  device  for  its  own  disruption  is  determined  by  the 
formula 
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~~  V p/.r1  + J.2.V  -1,25  (C.u|. 


(2.4) 


These  formulas  give  incorrect  results  if,  in  particular,  the 
amount  of  point  area  is  less  than  the  lower  limit  of  the  above- 
mentioned  range  of  variation  of  S,  for  example,  in  the  case  of 
an  electrode  made  of  an  RK-3  cable,  when  the  area  amounts  to  several 
square  millimeters. 


Let  us  consider  the  development  of  leaders  in  time.  As  high- 
speed motion  picture  photography  shows  [20,  the  "growth"  of  leaders 
takes  place  with  interruptions.  The  interruptions  result,  evidently, 


Figure  2.8.  Brush  corona.  Positive  electrode  - point. 


from  two  causes:  The  leader  head  running  into  gas  bubble  - cavita- 

tion nuclcii,  increases  the  radius  of  curvature  of  the  leader  head 
and  thus  reduces  the  field  strength  on  it,  and  lags  in  avalanch 
formation  due  to  the  temporary  absence  of  centers  of  ionization 
with  sufficiently  Jow  ionization  potentials  in  the  liquid  near  the 
leader  head.  * The  number  of  i nt.erruptions  and  their  duration  depend 
on  the  amount  of  voltage  - with  an  increase  in  voltage  these  values 
drvr'”i:;c . /.;•  * r-  rail  , fh'  everr’gf:  rate  of  growth  of  n lender, 


determined  as  the  ratio  of  the  length  of  the  disruptive  distance  to 
the  amount  of  breakdown  lag,  depends  on  the  voltage.  The  average 
rate  of  leader  growth  thus  determined  also  depends  upon  the  lag  in 
leader  formation  on  an  electrode,  which,  in  turn,  is  determined 
not  only  by  the  voltage,  but  also  by  the  form  of  the  electrode  and 
its  structure. 

We  shall  now  cite  some  experimental  data  on  the  dependence  of 
the  average  rate  of  leader  "growth"  on  the  voltage  for  two  types 
of  formation  of  a positive  electrode-point.  One  of  these  was  made 
from  a rod  8 mm  in  diameter,  insulated  with  a vacuum  tube.  The  end 
of  the  rod  was  sharpened  into  a cone  with  an  angle  of  30°  and  a 
radius  of  curvature  of  0.3  - 4 mm.  The  average  speed  at  20  kV 
was  2 x 104  cm/sec  and  at  100  ktr  - 5 x 10^  cm/sec  fl  3. 

The  other  electrode  was  the  end  of  an  RK-3  cable.  The  maximum  dis 
ruptive  distance  £,  corresponding  to  the  breakdown  lag  t,  and 
the  average  rate  of  leader  growth  */f  with  different  values  of  the 
working  voltage  arc  given  in  Table  2.1.  In  obtaining  these  data 
the  amount  of  condenser  energy  was  held  constant  and  equal  to 

k5  J C53. 


TABLE  2.1 


i kv 

t,  cm 

t,  tsec 

t/T,  cm/sec 

53 

5 

2.5 

2.10* 

50 

5 

4 

I.5- 10* 

21,2 

2,5 

15 

1,710* 

15 

1.2 

22 

5,510* 

The  data  in  Table  2.1  testify  to  the  fact  that  in  case  of  an 
electrode-point,  made  in  the  form  of  the  end  of  an  rk-3  cable  hav- 
ing a substantially  smaller  area  of  ei  c*ctrode-wa  ler  contact  than 
in  the  preceding  ease,  the  average  rate  of  leader  growth  for  the 
same  voltage  values  prove  to  be  somewhat  higher.  This  effect, 
evidently,  is  due  to  the  significantly  shorter  lag  in  leader  for- 
ma tie!.  v.-i  1!,  r rr.'jiu.-  of  curvature. 


Figure  2.9*  Electrical  charac- 
teristics of  o discharge  in  the 
absence  of  absence  of  breakdown, 
length  of  electrode  gap  6 cm, 
voltage  30  k V. 

1,2,3  - current,  voltage  and 
resistance  in  the  cast  of  a 
condenser  discharge  equal  to 
0.4  iif»  1*,  2*,  3*  correspond 
to  a condenser  discharge  of 
0.9  Mf. 

The  lifetime  of  the  leaders,  if  the  electrode  gap  exceeds 
the  maximum  length  of  the  leaders,  is  not  limited  by  the  time  of 
their  growth.  Leaders  exist  even  after  reaching  the  maximum  length, 
the  total  life  time  sometimes  exceeding  the  time  of  leader  growth 
by  two  orders  of  magnitude.  For  illustration,  Figs.  2.9  and  2.10 
show  oscillograms  of  discharge  current  and  voltage  on  electrodes, 
recorded  in  the  case  of  the  discharges  of  condensers  0.4  and  0.9  uf 
in  capacitance  at  'JO  kV  in  the  case  where  the  leader  development  is 
not  completed  by  t?,e  breakdown  of  the  electrode  gap  (Fig.  2-9)* 
with  a gap  length  of  6 cmj  and  when  o channel  is  formed  (Fig.  2.10), 

with  a gap  length  of  5 cm  t 33. 

In  addition,  Figs.  2.9  and  2.11  show  the  time  dependences  of 
the  electrode  gap  resistance,  calculated  according  to  the  oscillo- 
grams presented  above. 

With  electric  strengths  on  a point  above  several  hundred 
kilovolts  per  centimeter,  leader  development  is  practically  inde- 
pendent of  the  hydrostatic  pressure  up  to  the  maximum  value  reached 
experimentally,  equal  to  1000  atm.  This  indicates,  evidently,  a 
high  density  of  the  matter  in  the  leader  channels  while  they  are 
growing.  The  leader  channel  expansion  seen  in  the  photograph  against 
a background  of  illumination  produced  with  a certain  lag  relative 
to  t)i"  discharge  indicates  that  the  matter  in  the  leader  channels  is 

heated  and  under  hi; h pressure.  However,  the  electrostatic  effi- 
ciency of  discharges  where  no  channel  is  formed  is  small:  the 

ratio  of  1 he  r"r.f  ?\"v  er  4 v, ..  eornrersior  v."v/r>  to  the  energy  stored  in 


the,  condenser  does  not  exceed  a few  tenths  of  a percent  [33*  This 
is  connected  with  the  fact  that  because  of  the  great  ballast 
resistance  of  water  the  energy  liberated  in  the  leader  channels  is 
small . 

In  conclusion  we  note  that  the  initiation  of  discharges  in 

tap  v/ater  by  breakdown  under  the  influence  of  high  voltage  takes 

place  over  the  course  of  very  short  intervals  of  time,  on  the  order 

of  several  microseconds,  requires  a small  consumption  of  energy, 

approximately  several  joules, and  takes  place  with  high  stability, 

if  a voltage  of  several  tens  of  kilovolts  is  applied  to  a positive 

2 

electrode  having  a sufficiently  small,  on  the  order  of  10  mm  , 
exposed  surface,  and  the  electrode  gap  does  not  exceed  approximately 
two  thirds  of  the  maximum  leader  length  for  the  voltage  used. 


Figure  2.10.  Electrical  characteristics  of  a discharge 
with  breakdown.  Length  of  electrode  gap  5 cm.  voltage 
30  k V.  1,  2 and  1’,  2'  - current  and  voltage  with  dis- 
charge of  condensers  0.4  and  0.9  vf,  respectively. 


Figure  2.11.  Time  dependence  of  resistance  with  the 
breakdown  of  a 5 cm  electrode  gap  v/ith  a voltage  of 
30  k \:  Cur-ves  1 and  1*  correspond  to  discharges  of 

condensers  of  0.4  and  0.9  uf. 

f.ohm 


3*  Initiation  of  discharges  by  high  voltage  breakdown  in 
highly  conducting  water. 


With  an  increase  in  the  conductance  of  water  from  values  on 
the  order  of  10’^  (ohm  x cm)"1,  corresponding  to  tap  water,  to  val- 
ues  on  the  order  of  10  (ohm  x cm)  , corresponding  to  the  con- 
ductance of  sea  water,  the  structure  of  the  brush  corona  changes 
substantially.  Th< ;e  changes  basically  come  down  to  the  following  I3J 
The  leaders  arlslnul  on  the  positive  point  begin  to  branch 
intensively,  and  their  maximum  length  with  a given  condenser 
capacitance  is  shortened  significantly.  The  corona  on  the  negative 
point  turns  into  a thick  brush  of  straight  short  leaders.  Figs. 

2.12  and  2.13  show  photographs  of  the  corona  on  positive  and  nega- 
tive electrodes  made  in  the  form  of  the  end  of  a type  FK-2  cable 
with  the  outer  insulation  and  braiding  removed.  The  diameter  of 
the  high  voltage  insulation  is  7 mm  and  the  diameter  of  the  inner 
wire  0.6  ram.  The  capacitance  of  the  condenser  - energy  storage 
device  is  0.9  vf.  and  tho  initial  voltage  is  30  kV.  The  water 
contained  around  5 % Mad  by  weight  and  had  a conductance  of 
0.069  (ohm  x cm)-*.  According  to  these  photographs  it  is  possible 
to  find  that  the  maximum  length  of  the  leaders  on  the  positive 
point  is  around  1 cm, while  in  tap  water  with  a conductance  of 
around  2.8  x 10-^  (ohm  x cm)-1  and  all  other  conditions  being 
•qual,the  maximum  length  of  the  leaders  reached  6 cm. 

The  increase  in  branching  of  the  corona  together  with  the 
increase  in  conductance  of  the  water  causes  a significant  shorten- 
ing of  the  duration  of  a discharge  not  completed  by  a breakdown. 
Pigs.2.l4  and  2.15  chow  oscillograms  of  the  discharge  current  and 
voltage  on  a positive  and,  correspondingly,  negative  electrode- 
point  relative  to  a grounded  electrode.  The  grounded  electrode  was 
made  of  a brass  grid  witn  a 5 x 5 nim  mesh,  and  in  the  form  of  a 
sphere  and  surrounded  the  electrode  point.  The  radius  of  the 
sphere  was  several  centimeters.  Its  size  has  practically  no  in- 
fluence on  the  electrical  characteristics  of  the  discharge.* 

Curves  ) and  J*  correspond  to  the  discharge  of  a 0.9  vf  capacitance 


' t.  y>  a*. I 1 <•  : Cwr.'s  ?.  it' 
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0.1  \£  capacitance  condenser  at  30  and  10  k V,  and  the  inductance 
of  the  discharge  circuit  amounted  to  several  microhenries.  Fig. 

2.16  shows  the  dependences  of  the  interelectrode  resistance  at  the 
moment  of  maximum  current  for  different  values  of  the  capacitance 
and  initial  voltage. 

The  changes  observed  in  the  structure  of  the  corona,  evidently, 
are  connected  with  the  fact  that  by  increasing  the  electrolyte 
concentration  ir.  the  v.-itc-"  the  number  of  Townsend  ionization  nucl  -ii 
with  a lov;  ionization  potential  increases.  This  entails  an  in- 
crease in  the  branching  of  the  corona  on  the  positive  point  and  an 
increase  in  the  number  of  leaders  on  the  negative  one.  On  the  other 
hand,  the  condenser  discharge  takes  place  mere  rapidly  with  an 
increase  in  the  corona  surface  and  v.ater  conductance.  As  a result, 
the  field  str*. nr,th  on  the  head  of  the  leaders  decreases  rapidly 
up  to  the  threshold  value  and  the  development  of  the  leaders  stops 
e«rli-*r  than  ir:  poorly  conducting  water.  Thus,  the  length  of  the 
eleetvedr  grips  which  can  be  broken  down  ir.  shortened  with  an  in- 
crease in  conductance,  and  the  energy'  expended  in  the  pre- 
breakdown  stage  increases . 

If  in  the  case  of  the  high  voltage  breakdown  of  poorly  conduct- 
ing water  an  insignif icantly  small  fraction  of  the  condonser  energy  is 
liberated  in  the  leader  channels,  with  an  increase  in  conductance 
this  fraction  significantly  increases.  This  may  be  judged  by  the 
energy  characteristics  of  the  hydroacoustic  effects,  accompanying 
discharges  not  completed  by  a breakdown,  in  water  of  high  conduc- 
tance. 


Figs.  2.17  and  2. 16  chow  oscillograms  of  pressure  pulses  re- 
citved  by  a broad-hand  hv  trophone  at  a distance  of  50  cm  from  the 
pulse  corona  on  positive  and,  correspondingly , negative  points. 

The  construction  of  th-  electrodes  corresponds  to  th<  description 
pertaining  to  Pigs.  2.1h  and  2.1',.  Curves  1 and  1*  refer  to  <!»:•- 
charges  of  a e*  pac.i  t.'uH-e  of  0.9  ,r  at  JO  and  to  1:7;  curves  2 and 
- *1  !.*'■*. * : ::  - " ••  or  0.«  • " • • y'  ..., ; 1 7.  The 
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acoustic  field  created  by  the  discharges  is  sperically  symmetrical, 


Figure  2.12.  Ccro ::s  or.  a positive  point  in  salt  water. 

The  duration  of  the  compression  pulses  is  close  to  the  duration  of 
the  discharge*  current.  The  compression  pulses  emitted  by  the 
corona  are  reproduced  well  from  discharge  to  discharge. 


Tabic  2.2  shows  experimental  values  of  l of  the  ratio  of  the 
compression  pulse  energy  to  the  condenser  energy  for  different 
values  of  th*  condenser  energy  E and  initial  voltages  u on  a 
positive  (J)  f*.ri  negative  ( - ) point.  The  discharge  durations  », 
found  according  to  oscillograms  of  the  current  are  indicated  in 
this  table.  The  compression  pulse  energy  is  calculated  according 
to  the  formula 


Wm 


(2.5) 


where  r is  the  distance  from  the  corona  to  the  hydrophone j #c  is 
the  wave  resistance  of  the  waterj  p is  the  pressure  in  the  com- 
pression wave  at  the  distance  r at  the  moment  t. 


Another-  hydrodynamic  characteristic  of  a discharge  is  the 
energy  of  the  pulsating  bubble.  Table  2.2  shows  the  bubble  pulsa- 
tion periods  and  the  percentage  ratio  o^of  the  energy  of  a 
pulse  lir.g  bubble  to  the  ener-gy  of  the  condenser.  The  energy  of 
the  but  lie  i:;  calculated  according  to  the  formula  [7  ] 


(2.6) 
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Figure  2.13 . Corona  on  a negative  point  in  salt  water. 


Figure  2.1’i.  Oscillogram  of  discharge  current  and  voltage 
in  the  cane  of  corona  .1  discharge  on  a positive  point 

1.  J*  correspond  to  a 0.9  ••?  condenser  r.t  30  nr.d  10  kVj 

2,  2'  to  the  discharge  of  a 0.1  pf  condenser  at  3t>  anu  10  kV. 

Figure  2.15*  Oscillograms  of  discharge  current  and  voltage 
in  the  case  of  coronal  discharge  on  a negative  point. 


tf.kV 


Figure  2.16.  Dependence  of  interelectrode 
resistance  at  the  moment  of  maximum 
current  on  the  condenser  capacitance 
in  the  case  of  different  initial 
voltages 

Curves  1,  2,  3.  ^ correspond  to 
voltages  of  10,  15,  2t,  and  23  kV. 

Solid  lines  correspond  to  a corona 
on  a posi'ive  point,  and  dotted 
lines  - oji  a negative  point. 
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TABLE  2.2 
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fa 


3.t 


According  to  the  data  in  the  table  it  is  possible  to  conclude 
that  the -work  performed  by  a discharge,  not  completed  by  a break- 
down, reaches  7-8#  of  the  condenser  energy  in  the  case  of  highly 
conducting  water. 

Such  discharges  are  used  for  generating  pressure  impulses  used 
in  hydrogeological  research  [8 ]. 

The  results  presented  above  refer  to  comparatively  small  con- 
centrations of  electr  j^tes.  The  authors  of  [5.  9.  10-12], 
conducted  investigations  of  the  breakdown  of  electrolytes  with 
conductances  and  concentrations  of  dissolved  substances  varying 
within  a wide  range  of  values.  The  authors  of  T5,  9-11]  came  to 
the  conclusion  that  the  "high-,  volt  age  behavior”  of  electrolytes 
does  not  depend  or.  the  dissolved  matter  and  is  determined  only  by 
its  low  voltage  electric  conductance.  Figs.  2.19  and  2.20  show 
the  dependences  of  the  breakdown  distance  or.  electrolyte  conductance 
in  the  case  of  positive  and  negative  points  (the  end  of  an  RK-3 
cable).  The  voltage  on  a condenser  of  0.2  and  0.4  if  capacitance 
was  10,  14  and  16  kv*  While  in  the  area  of  low  concentrations 
there  is  a clear  connection  between  the  breakdown  voltage  and  the 
length  of  the  electrode  gap,  in  an  area  of  medium  and  high  concen- 
trations the  condenser  discharges  before  the  breakdown  of  even  a 
greatly  reduced  gap  takes  place. 

In  [12  ] the  investigation  of  electrolyte  breakdown  is  extended 
to  an  area  of  electrolyte  concentration  so  high  that  a drop  in 
electric  conductance  is  observed.  For  this  area  it  is  found  that 
a longer  breakdown  delay  corresponds  to  the  same  electric  conduc- 
tance values  as  in  the  case  of  low  concentrations. 

In  conclusion  we  not ^ that  from  the  point  of  view  of  initiating 
discharges  the  most  significant  effect  of  increasing  the  electric 
conduct area  of  the  liquid  are  the  reduction  in  the  length  of  the 
leaders  and  the  increase  in  pre-breakdown  currents.  As  a result, 

c-.''n  ’ . • I.  ■ . .f  hi  * '-t-e:  iro-.iv  • ips  it  is  necessary  to  deal 
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with  energy  louses  in  the  pre-breakdown  stage,  in  particular, 

in  the  case  of  low  condenser  energies.  The  use  of  small  electrode  gaps 


Figure  2.17*  Oscillograms  of  pressure  pulses  emitted  by 
the  corona  on  a positive  point. 

Figure  2. "3.  Oscillograms  of  pressure  pulses  emitted  by 


Figure  2.19*  Dependence  of  breakdown  distance  on  the 
specific  electric  conductance  of  a solution  (positive 
point)  1-10  k7,  0.2  uf;  1-10  kV,  0.4  pf  j 3-l4  kV,  0.2  vfj 
4-16  kV,  0.2  pf. 

Figure  2.20.  Dependence  of  breakdown  distance  on  the 
specific  electric  conductance  of  the  solution  (negative 
point)  Symbols  as  on  Fig.  2.19- 


requires  a reduction  ir the  effective  resistance  and  inductance  of 
the  conducting  circuit  in  order  to  provide  a sufficiently  complete 
rcl cur.  of  the  condenser  energy  in  a discharge  channel  with  low 
resistance  in  near-critical  conditions. 
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4.  Initiation  of  discharges  by  low  voltage  breakdown  of 
a liquid. 

Up  until  now  we  have  considered  the  initiation  of  discharges 
by  the  high  voltage  breakdown  of  a liquid,  in  which  the  processes 
of  the  formation  and  development  of  leaders  played  the  principle 
role.  With  a decrease  in  voltage  the  field  strength  near  the 
electrode  may  prove  to  be  insufficient  for  the  formation  of 
leaders.  For  tap  water  with  a conductance  on  the  order  of  10  ^ 
(ohm  x cm)-1  the  critical  field  strength  •,  according  to  Kuzhekin’s 
data  [1],  is  approximately  36  kV/cm.  Ir.  the  case  of  lower 
strengths  the  breakdown  of  the  electrode  gap  takes  place  along  a 
gas  bridge  formed  as  a result  of  the  heating  and  evaporation  of  the 
water  by  the  conduction  current.  Electrolysis  also  contributes 
somewhat  to  the  formation  of  gas  bubbles  near  the  electrodes. 

The  formation  of  a gas  bridge  is  an  energy  consuming  process 
which  takes  place  over  the  course  of  very  great  intervals  of  time 
in  comparison  with  the  time  required  for  leader  growth  in  the  case 
of  high  voltage  breakdown.  For  tap  water  these  times  are  measured 
in  hundreds  and  thousands  of  microseconds  in  relation  to  the 
configuration  of  the  electrodes,  the  amount  of  voltage,  and  the 
length  of  the  electrode  gap.  The  duration  of  the  process  of 
forming  a gas  bridge  is  shortened  with  an  increase  in  the  conduc- 
tance of  the  water. 

Since  for  the  breakdown  of  the  electrode  gap  it  is  necessary 
that  the  gas  bubble  reach  a certain  volume,  it  proves  to  be  the 
case  that  the  energy  consumption  and  duration  of  the  breakdown 
stage  depend  on  the  hydrostatic  pressure.  These  circumstances  lead 
to  the  fact  that  the  use  of  low  voltage  breakdown  is  very  ineffec- 
tive for  initiating  discharges.  However,  there  is  a way  out  of 
this  situation,  which  is  achieved  by  using  a special  electrode 
configuration:  a configuration  so  that  the  channel  formed  after 

the  breakdown  of  a comparatively  small  electrode  gap,  may  be 
Ion.’ User.?  i durjr."  "V  discharge  process.  Tn  particular,  the 
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discharger,  schematically  shown  in  Pig.  2.21  satisfies  this  re- 
quirement. Its  coaxial  electrodes,  mounted  one  inside  the  other, 
are  separated  electrically  by  an  insulating  sleeve.  Breakdown 
may  take  place  only  between  the  edges  of  the  ends  of  the  electrodes. 
The  interelectrode  clearance  equal  to  the  thickness  of  the  insula- 
tion, may  be  on  the  order  of  1 mm  if  the  working  voltage  on  the 
condenser  is  on  the  order  of  1 kv.  In  this  case  the  lag  in  the 
breakdown  of  the  electrode  gap  amounts  to  several  tens  of  micro- 
seconds. It  is  reduced  by  increasing  the  conductance  of  the 
water  and  is  little  dependent  on  the  hydrostatic  pressure,  if  it 
does  not  exceed  10-20  atm. 


After  the  breakdown  of  the  electrode  gap  a hemispherical 
bubble  filled  with  plasma  is  formed.  The  current  flowing  along  it 
is  forced  out  by  its  free  magnetic  field  onto  the  surface  of 
the  bubble.  As  a result,  the  axis  of  the  channel  acquires  the  form 
of  an  arc,  and  the  effective  length  of  the  channel  increases 
during  the  process  of  the  discharge  in  proportion  to  the  expansion 
of  the  bubble  in  the  liquid. 


Figure  2.21.  Sketch  of  discharger. 

1 - electrodes,  2 - insulating  sleeves 

Figure  2.22.  Oscillograms  of  current  and  voltage  for  the 

discharge  of  a condenser. 

Thanhs  to  the  lengthening  of  the  channel  in  the  process  of  the 
discharge  its  electric  resistance  proves  to  be  sufficiently  high  to 
be  able,  technical];/  simply  without  significant  losses  and  at  the 
same  time  sufficiently  rapidly,  to  transmit  the  energy  of  the  con- 
i' >• . 
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As  an  example,  Fig.  2.22  shows  oscillograms  of  discharge 
current  and  voltage  on  the  electrode  of  a discharger,  corresponding 
to  the  method  of  initiating  a discharge  described  above.  The 
parameters  of  the  discharge  circuit  are  as  follows*  condenser 
capacitance  320  yf,  initial  voltage  1.6  kV,  inductance  of  discharge 
circuit  0.1  pH,  interelectrode  clearance  - 0.1  cm.  The  discharge 
was  performed  in  a 1.5f°  (by  weight)  solution  of  table  salt  in  water. 
The  breakdown  lag  is,  as  is  seen  by  the  oscillogram  of  the  voltage, 
around  30  uce c.  Around  8 5%  of  the  energy  stored  in  the  condenser 
is  released  in  the  channel. 

5*  Initiation  of  discharges  by  auxilliary  means. 

The  effective  initiation  of  discharges  in  low  conducting 
water,  as  follows  from  the  preceeding  sections  , does  not  present 
difficulties  only  in  the  case  of  using  high  voltages.  However, 
the  use  of  high  voltages  is  connected  with  certain  difficulties. 

The  principal  difficulty  is  the  necessity  of  providing  reliable 
insulation  of  the  high  voltage  circuits,  which  is  unavoidably 
connected  with  increasing  the  overall  dimensions  of  the  units.  The 
use  of  low  voltage  discharges  with  the  same  energies  makes  it 
possible  to  make  significantly  more  compact  units,  which  in  many 
cases  is  the  deciding  factor.  Therefore,  there  is  a real  purpose 
in  seeking  means  of  efficient  initiation  of  low  voltage  discharges. 

In  this  section  we  shall  consider  three  methods  of  initiating 
low  voltage  discharges  by  auxilliary  means:  initiation  by  wire 

bridges  - this  method  is  practically  independent  of  the  conductance 
of  the  liquid;  discharge  initiation  by  a preliminary  high  voltage 
breakdown  - this  method  is  suitable  only  for  low-conducting  liquids, 
and  discharge  initiation  by  a breakdown  of  the  working  voltage  in 
a gas  bubble,  preliminarily  formed  in  the  electrode  gap  by  an 
auxilliary  corona]  discharge.  This  method  is  suitable  for  initiat- 
ing discharges  in  liquids  of  quite  high  conductance.  The  initia- 
tion of  discharges  with  wire  bridges  is  based  on  the  use  of  the 
electrical  < .-e-  ••  ■ ” ’ wir's.  This  physical  phenomenon  has 


attracted  the  attention  of  many  i-ecearchcrs  over  the  course  of  a 
number  of  years  [13*  14].  In  particular,  the  electrical  explosion 
of  v/ixes  in  a gaseous  medium  has  been  subjected  to  intensive  study. 
The  basic  features  of  this  type  of  explosion  may  be  characterized 
in  the  following  way.  Three  stages  of  the  process  may  be  observed 
after  the  discharge  circuit  is  closed.  In  the  first  stage,  four 
situations  may  arise  as  a result  of  the  flow  of  discharge  current. 

1.  Molting  - the  energy  conducted  is  insufficient  for 
vaporizing  the  wire. 

2.  Slow  explosion  - the  time  required  for  the  evaporation 
of  the  wire  is  much  greater  then  the  time  necessary  for  the 
development  of  instabilities  in  the  melted  wire. 

3*  Rapid  explosion  - the  time  required  for  evaporation  of  the 
wire  is  small  in  comparison  with  the  time  required  for  the  develop- 
ment of  instability. 

4.  Explosive  ablation  - the  time  required  for  evaporation 
is  small  in  comparison  with  the  time  required  for  the  penetration  of 
a temperature,  equal  to  the  boiling  point,  to  a depth  amounting  to 
l/e  of  the  radius  of  the  wire.  The  development  of  an  explosion  in 
this  situation  is  determined  by. the  vaporization  of  the  wire  from 
the  surface. 

The  first  stage  ends  with  the  conversion  of  the  wire  into  a 
non-conducting  state.  After  this  the  second  stage  begins  - a 
pause  in  current.  The  pause  in  current  lasts  until  the  density  of 
the  gas  in  the  channel  which  has  expanded  after  the  explosion  drops 
so  much  that  it  is  possible  for  the  gas  to  break  down  under  the 
influence  of  the  voltage  remaining  on  the  condenser.  The  last  or 
third  stage  begins  - discharge  along  the  gas  channel . 

It  is  possible  the • I.  conditions  may  exist  in  which  either 
the  .'•'■'■ri’i'l  r»r  tV-  thir  ’ . o”  h'  t g> r *hcsr.  st'"es  either  r re  absent 


or  are  poorly  pronounced.  For  example , if  the  condenser  energies 
are  sufficient  only  for  vaporization  of  the  wire,  the  current 
disappears  after  the  end  of  the  first  stage  and  does  not  appear 
again.  In  the  case  of  tungsten  wires  there  is  a poorly  pronounced 
pause  in  current  - current  only  somewhat  decreases  after  the  ex- 
plosion of  the  wire  and  then  increases  - and  the  third  stage  of  the  . 
process  begins. 

The  explosion  of  wires  in  water  is  qualitatively  similar  to 
the  explosion  of  wires  in  air.  The  only  difference  is  in  the 
quantitative  characteristics  of  the  stages.  In  the  case  of  explo- 
sion of  wires  in  water  all  stages, in  particular,  the  pause  in  , 
current  stage, are  significantly  extended  in  time.  This  phenomenon 
is  due  to  the  great  inertia  of  water,  hindering  the  expansion  of 
the  wire  in  the  first  stage,  and,  in  particular,  the  expansion  of 
the  gas  channel  in  the  second  and  third  stages. 

* 

Fig.  2.23  shows  oscillograms  of  the  current  and  voltage  on 

electrodes  in  the  esse  of  a discharge  initiated  by  a copper  wire 

0.05  rrun  in  diameter  and  U cm  in  length,  in  water  (a)  and  in  air 

(b).  The  condenser  capacitance  is  2 pf,  the  voltage  is  6.7  kv- 

In  the  figure  it  is  obvious  that  the  pause  between  the  current 

pulse,  vaporizing  the  wire  (1  ) and  the  pulse  arising  during  the 

breakdown  of  the  vapor  (2),  is  significantly  greater  in  the  case  of  a 

discharge  in  water,  than  in  the  case  of  discharge  in  air.  The 

duration  of  the  pause  in  current  increases  with  an  increase  in  the 

diameter  and  length  of  wire.  The  duration  of  the  pause  in  current 

/1 
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Figure  2.23-  OuciJ logramu  of  current  and  voltage  in  the  case 
of  a discharge  initiated  with  a copper  wire. 


depends  on  the  material  of  the  wire.  In  the  case  of  tungsten  wires 
the  pause  in  current  either  is  absent  entirely  or  poorly  pronounced. 
Therefore,  thin  tungsten  wires  are  most  suited  for  initiating 
discharges  in  water.  With  the  aid  of  tungsten  wires  it  is  possible 
to  initiate  discharges  with  a working  voltage  of  several  kilovolts 
having  a great  channel  length  and  a small  lag  in  its  formation 
relative  to  the  moment  of  switching  on  the  voltage. 

The  possibility  of  initiating  discharges  with  wires  of  a 
material,  the  reaction  of  which  with  the  oxygen,  formed  as  a 
result  of  the  dissociation  of  water,  has  a great  thermal  effect, 

J*K  of  interest.  Such  materials  are  aluminum,  zirconium  and 
beryllium.  The  thermal  effect  of  exothermal  reactions  is  capable 
of  increasing  the  mechanical  work  performed  by  the  channel 
significantly . 

As  an  illustration  v/e  shall  cite  experimental  data  obtained  in 
the  case  of  initiating  a discharge  in  v.-ater  with  an  aluminum  wire 
0.4  mm  in  diameter  and  10  cm  in  length.  The  condenser  capacitance 
is  12  yf,  the  voltage  10  kv.  and  the  inductance  of  the  discharge 
circuit  around  3 ^H.  The  dimensions  of  the  wire  were  chosen  so 
that  almost  all  the  energy  of  the  condenser  was  expended  in  vaporiz- 
ing the  metal.  According  to  oscillograms  of  the  current  and 
voltage  on  the  electrodes,  shown  in  Fig.  2.24,  it  is  possible  to  find 
that  the  vaporization  of  the  wire  takes  place  approximately  after 
18  u?cc,  and  around  420  J is  consumed  in  this  process,  which 
amounts  to  70$  of  the  energy  of  the  condenser. 

It  is  possible  to  estimate  the  acoustic  energy,  emitted  by  the 
discharge,  according  to  the  amplitudes  of  the  compression  pulse, 
emitted  in  the  direction  perpendicular  to  the  axis  of  the  channel. 

(An  oscillogram  of  thin  pulse  for  a distance  of  100  cm  from  the 
channel  is  shown  in  Fig.  2.25).  For  this  we  shall  make  use  of 
formula  'j-Ch,  using  o Onusslar.  curve  with  * 0.7t,  where  t Is  the 
duration  of  Ire  compression  pulse,  approximately  equal  to  18  Msec, 


p , = 16  atm,  i = 10  cm,  r = 100  cm,  we  find  W « 100  J,  which 
amounts  to  around  2 5#  of  the  electrical  energy  released  in  the 
channel.  Measurements  of  the  pulsation  period  of  the  bubble  formed 
by  this  discharge  gave  a value  of  around  1 6 msec.  If  we  use 
formula  (2.6)  for  determining  the  pulsation  energy,  in  spite  of  the 
fact  that  the  length  of  the  channel  in  the  given  case  is  great  in 
comparison  with  the  radius,  it  so  happens  that  this  energy  is 
approximately  equal  to  300  J,  or  70#  of  the  electrical  energy 
released  in  the  channel.  At  the  same  time,  in  the  case  of  dis- 
charges initiated  by  high  voltage  breakdown,  the  acoustic  energy 
amounts  to  15  - 20%,  and  the  pulsation  energy  25-30#  of  the 
energy  released  in  the  channel. 


Let  us  examine  the  characteristics  of  the  method  of  initiating 

low  voltage  discharges  in  poorly  conducting  water,  based  on  the  use 

of  a preliminary  high  voltage  breakdown  of  the  electrode  gap. 

This  method  is  known  in  high  voltage  engineering  as  the  combination 

• 

of  volrage  and  current  pulse  generators.  The  difficulty  of  using 
this  method  for  initiating  a discharge  in  water  comes  down  to  the 
fact  that  switching  on  a voltage  pulse  generator  should  cause  the 
breakdown  of  two  parallel  electrode  gaps  - one  in  water,  the  other 
in  air.  The  breakdown  of  the  air  gap  should  cause  the  current 
pulse  generator  to  be  connected  to  the  electrode  gap  in  the  water. 
However,  the  lag  in  the  breakdown  of  the  electrode  gap  in  water 
significantly  exceeds  the  lag  in  the  breakdown  in  the  air  gap. 
Therefore,  it  is  necessary  to  use  switching  schemes  which  are  not 
sensitive  to  this  difference  in  breakdown  lags. 


Fig.  2.2 6 shows  a scheme  which  makes  it  possible  to  obtain  the 
high  voltage  breakdown  of  an  electrode  gap  in  water  with  the  sub- 
sequent connection  of  a low  voltage  condenser.  This  scheme 
operates  in  the  following  way . At  the  moment  of  the  breakdown  of 


electrode  gap  1 under  the  influence  of  the  voltage  of  the  voltage 
pulse  generator  (C1 ) their  appears  a sharp  rise  in  the  discharge 
current,  which  causes  the  appearance  of  a voltage  surge  at  the 

’ ,1::"  *-•'  •••'  '•o/r*  r 2,  the  p ri ry  wind inr  of  which  is 
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dischargers  in  a solid  holder,  we  shall  consider  the  motion  of  the 
initiating  bubble  along  a hard  wall.  In  this  case  it  has  the  form 
of  a hemisphere,  and  its  potential  energy  at  the  moment  of  reaching 
its  maximum  radius  is  connected  with  the  energy  of  the  condenser 
E,  feeding  the  corona,  by  the  relationship 

“5-  n //(>/>,  t||£,  (2.7) 

where  is  the  hydrostatic  pressure:  is  the  ratio  of  the 

energy  of  th-:  cubbie  to  the  energy  of  the  condenser.  As  was 
mentioned  in  Section  3,  this  value  reaches  if  tnc  water  has  a 
salinity  of  several  percent. 
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Firur--  ?,.2C.  h'i ••;;r-..“i  of  a discharge  circuit  with  the  use 
of  prea  i:uir;?r.y  nigh  voltage  breakdown  of  the  electrode  gap, 


Figure  2.27.  Per.  .r. dense  of 
bubble  radius  on  time . 
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The  pulsation  period  of  a gas  bubble  ^ for  the  case  of  a 
discharge  in  free  space  is  determined  by  the  relationship  (see 
Ch-ptor  '1) 

t„  1 , 13'i»v7>,,f*  ('« »i„  A’)'>,  m • 1. 

(2.8) 

If  tl.*'  d i :•  kos  pl-cc  along  a solid  wall,  then  ir  --  2 

mu::!.  mr-d  in  th«-  fori  .a  I •• . 


• • . 1 * <■  of  ir,.  1 i >i<i ' d . 


Por  a rough  estimate  the  law  of  the  expansion  of  a bubble  in 
water  may  be  approximated  with  the  formula 


2ti **, 

where  t is  within  the  limits  from  0 to 


(2.9) 


By  using  this  formula  we  find  the  amount  of  condenser  energy 
E.  necessary  for  feeding  a corona  discharge  capable  of  creating 
bubbles  of  radius  R at  the  moment  of  time  t. 


k 1/ 

r v* 


(2.10) 


The  method  of  initiating  discharges  under  consideration  is 
little  sensitive  to  hydrostatic  pressure,  since  the  bubble  radius  et  the 
initial  stage  of  growth  is  very  slightly  dependent  on  the  amount 
of  hydrostatic  pressure  if  the  pressure  in  the  discharge  channel, 
creating  the  bubtlc,  is  groat  in  comparison  v/lth  the  hydrostatic 
pressure  (see  Chapter  4). 

In  order  to  compensate  for  the  reduction  bubble  radius  with 
hydrostatic  pressure  it  is  necessary  to  increase  insignificantly 
the  energy  of  the  condenser  feeding  the  cox'ona  discharge. 


As  an  example,  Pig.  2.27  shows  how  the  relationship  R(t) 
changes  for  a bubble,  formed  by  an  explosion,  in  the  case  of 
increasing  pQ  from  1-40  atm  (curves  1 and  2). 

In  the  figure  it  is  obvious  that  if  tj  < t^/2,  whore  is  the 
pulsatLon  period  where  Pq  40  atm,  '.hen  R(t^)  actually  decreases 
little  in  the  case  of  an  increase  in  pressure  from  1 - 40  atm. 
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CHAPTER  3 


PROPERTIES  OF  THE  MATTER 
IN  A DISCHARGE  CHANNEL 


1.  Introduction 

The  processes  in  a discharge  channel  and  the  properties  of 
the  matter  in  it  are  examined  in  this  chapter.  Experimental  data 
on  the  electrical  characteristics  of  a discharge  - the  currents 
and  voltages  in  the  discharge  depth  and  its  resistance  - represented 
for  typical  cases,  making  it  possible  to  determine  the  conditions 
of  energy  rolcara  in  the  channel,  that  is,  the  characteristic 
time  and  energy  scales  of  the  phenomenon.  Easically,  this  mono- 
graph deals  with  discharges  in  which  energies  of  several  kilojoules 
are  released  for  times  of  tons  of  microseconds,  which  corresponds 
to  a power  of  hundreds  of  megawatts,  and  only  fragmentary  experi- 
ments’ data  c-r.  discharges,  corresponding  to  other  energy  conditions 
arc  presented,  although  the  theoretical  information  given,  within 
the  framework  of  certain  limitations,  is  applicable  to  a wider 
class  of  cases. 

Experimental  data  on  the  expansion  of  the  discharge  channel, 
obtained  with  the  aid  of  high  speed  photography  are  described. 

These  data  make  it  possible  to  determine  the  rate  of  expansion  of 

4 c 

the  channel,  usually  corresponding  to  10  - l(r  cm/cec,  and,  by 

using  the  hydrodynamic  relationships  in  Chapter  4,  to  find  the 
pressure  in  the  discharge  channel.  In  order  of  magnitude  the 
pressure  in  the  channel  lies  within  the  range  from  several  hundreds 
to  a thousand  atmospheres. 

Knowing  the  amount  of  resistance  of  the  discharge  gap  and 
the  radius  of  th"  channel,  it  is  possible  to  estimate,  considering 
the  '•?,  :nr.el  to  be  uniform  and  ignoring  the  influence  of  the  areas 
near  the  electrodes,  the  conductance  of  the  gas  in  the  discharge 


We  note  that  given  certain  assumptions , it  is  possible  to 
estimate  the  temperature  of  the  gas,  according  to  its  conductance 
at  a certain  pressure;  the  values  thus  obtained  agree,  as  is  shown 
below,  with  the  result  of  other  experimental  studies  and  theore- 
tical estimates  of  temperature.  These  estimates  show  that  the 
temperature  of  the  channel  is  on  the  order  of  20,000  °K. 

Information  on  the  properties  of  the  matter,  occurring  as  a 
low  temperature  dense  plasma  at  the  pressures  and  temperatures 
found  in  the  channel  of  an  underwater  electrical  discharge,  is 
presented . 

Wc  present  estimates  of  the  relaxation  times  in  the  plasma, 
which  prove  to  be  small  in  comparison  with  the  typical  time  scales 
of  the  phenomenon , which  signifies  that  the  plasma  may  be  con- 
sidered to  be  in  equilibrium.  This  makes  it  possible  to  calculate  the 
composition  of  the  plasma  and  its  thermodynamic  characteristics, 
in  particular,  the  proper  energy*  of  a unit  volume. 

Also,  we  present  formulas  for  the  kinetic  coefficients  of  the 
plasma  - the  coefficient  of  electric  conductance  and  thermal 
diffusivity  , also  considering  and  comparing  different  mechanisms  of 
thermal  conductivity  - gas  kinetic,  electron,  and  radiant.  Convec- 
tive heat  transfer  is  not  considered,  although  it,  possibly,  plays 
a substantial  role.  The  coefficients  of  thermal  conductivities  in  the 
colder  layers  of  vapor  and  water  surrounding  the  plasma  of  the 
channel  are  estimated , which  makes  it  possible  to  estimate  the 
energy  going  to  heat  these  layers. 

The  information  and  estimates  presented  arc  used  for  drawing 
up  an  equation  for  the  energy  balance  in  the  discharge  process. 

2.  Electrical  characteristics  of  a discharge. 


In  this  section  wo  shall,  consider  the  electrical  ehnracteris- 
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time  dependences  of  the  discharge  current  find  voltage  in  the 
channel,  the  time  dependences  of  the  resistance  of  the  channel,  and 
the  power  and  energy  released  in  the  channel,  that  is,  those 
characteristics  which  may  he  found  by  electrical  measurements.  We 
shall  examine  the  electrical  properties  of  the  plasma  in  the 
channel  - its  conductance  - after  presenting  information  on  the 
expansion  of  the  channel. 

According  to  the  rcsul Is  of  oscillography  of  the  discharge 
current  and  voltage  in  an  electrode  gap  it  is  found  that  the 
resistance  of  tne  electrode  gap  as  a rule,  is  quite  great  at  the 
moment  of  formation  of  a channel,  if,  of  course,  the  appropriate 
method  cf  initiation  is  used.  In  the  case  of  high  voltage  discharges 
with  a working  volt age  of  several  tens  of  kilovolts  this  resistance 
is  on  the  order  of  10  ohm  for  electrode  gaps  5 - 10  cm  in  length. 

Por  low  voltage  discharges  with  a working  voltage  of  several 
kilovolts  ani  an  electrode  grp  several  centimeters  long,  the  resis- 
tance of  the  grp  at  the  moment  of  formation  of  a channel  amounts  to 
around  10  ohm.  After  the  formation  of  a channel  its  resistance 
drops  sharply,  reaching  a minimum  approximately  at  the  moment  of 
maximum  current,  and  then  increases  when  the  current  approaches  0. 

The  resistance  of  the  channel  drops,  in  the  first  place,  due  to  the 
increase  in  the  temperature  of  the  plasma,  heated  hy  the  discharge 
current,  and  in  the  second  place  due  to  the  increase  in  the  cross 
sectional  area  of  the  channel,  expanding  under  the  action  of  the 
excess  pressure  in  the  channel.  At  the  end  of  the  discharge,  or  at 
the  end  of  each  half  period,  if  the  discharge  is  oscillatory,  the 
resistance  of  the  channel  increases  as  a consequence  of  the  cooling 
of  the  plasma,  although  the  cross  section  of  the  channel  continues 
to  increase . 

The  behavior  of  the  resistance  of  the  channel  during  the  course 
of  a discharge  is  determined  by  many  factors!  the  inductance  of 
the  dischi;  *J  circa*.  I,  the  capacitance  of  the  condenser,  the 
amount,  of  initial  v-  Itage,  the  length  of  the  electrode  gap , and  the 
‘ ' i : . : : • The  connection 
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between  the  resistance  and  the  above-mentioned  factors  is  complex. 
We  shall  illustrate  it  with  specific  examples. 

Pirst  of  all  we  note  that  according  to  the  nature  of  the 
current  flow,  discharges  may  be  aperiodic,  if  the  direction  of  cur- 
rent does  not  change  in  the  process  of  the  discharge,  and  periodic, 
if  current  oscillation  is  observed.  This  brings  up  the  concept  of 
critical  discharge,  which  is  understood  as  meaning  the  limiting 
aperiodic  discharge,  which  turns  into  a periodic  discharge  with  a 
further  reduction  in  circuit  resistance.  The  effective  resistance 
for  a critical  discharge  is  equal  tc  the  wave  resistance*  Ref  * 

/ L/C . 

We  shall  begin  our  examination  with  relatively  low  power 
high  voltage  discharges.  Table  3*1  presents  the  values  of  the 
working  voltage  u,  condenser  capacitance  C,  discharge  circuit 
inductance  and  length  of  the  gap  t between  a positive  high  voltage 
electrode  in  the  form  of  the  end  of  a type  F.K-3  cable  with  the 
outer  insulation  and  braiding  removed,  and  a grounded  rod  placed 
parallel  to  the  cable. 


TABLE  3-1 


Number  of 


Discharge 

u,  kV 

C, 

L,  pH 

t, 

1 

' 30 

1 

0.4  ! 

. 1 
.1 

4.S 

2 

Kt  , 

5 

3 

' 

. 

!m  | 

4.5 

4 

91 

. 0.3 

a ' 

2 

Figure  2.10  shows  oscillograms  of  current  and  voltage  for 
discharges  No&  1 and  2 (Table  3.1).  The  oscillograms  show  that  the 
voltage  on  the  electrodes  after  they  are  switched  on  drop  slowly 
during  the  breakdown  lag,  corresponding  to  the  growth  of  the 
leaders.  At  the  moment  when  the  electrode  gap  is  closed  by  one  of 
the  leaders  the  voltage  in  the  gap  decreases  sharply.  This  sudden 
<i:a  vc  l'.  . r d’V’p  on  t! indue  t aco  of  tn<  circuit 


arising  due  lo  the  sharp  increase  jn  discharge  current. 

Later  the  voltage  drops  to  0 nporiodically . The  behavior  of  the 
channel  resistance,  found  as  the  ratio  of  the  voltage  of  the  channel 
to  the  discharge  current  at  the  corresponding  moments  of  time,  is 
shown  in  Fig.  2.11.  At  the  stage  of  leader  growth,  the  resistance 
of  the  electrode  gap  is  approximately  equal  to  10  ohm.  After 
breakdown  the  resistance  drops  to  several  ohms,  and  at  the  end  of 
the  discharge  a rise  in  resistance  is  observed.  In  the  case  of 
such  high  channel  resistances  it  is  possible  to  ignore  correction 
for  the  inductance  of  the  channel  . 

With  an  increase  in  condenser  capacitance,  the  resistance  of 
the  channel  drops  to  lower  values.  However,  this  does  not  change 
the  nature  ef  the  discharge  - it  remains  close  to  critic?!.  This 
means  that  reduction  of  the  mean  channel  resistance  v;ith  respect 
to  time  takes  place  approximately  inversely  proportional  to  the 
square  root  of  the  capacitance . The*  duration  of  the  current 
pulse,  if  other  pare mo ters  of  tne  circuit  remain  invariant,  in- 
creases proportional  to  the  square  root  of  the  capacitance  and 
approximately  equals  a value  of  * / LG,  if  the  discharge  remains 
in  a close  to  critical  mode. 


Figure  3.1 » Time  dependence  of  the  energy  (l)  and  power  (2) 
for  discharge  No.  l,  Table  J.l. 

Figure  3«2.  Oseil  j ograrns  of  discharge  current  (l)  and 
voltage  (2)  for  n discharge  No.  3.  Tabic  3*1* 
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Figure  3-3*  Dependence  of  channel  resistance  on  time. 

Discharge  No.  3.  Table  3 • 1 • 

Figure  3*^»  Time  dependence  of  energy  (l)  and  power  (2) 

for  discharge  Ho.  3.  Table  3 • 1 • 

Curves  of  the  power  and  energy,  released  in  the  channel  for 
discharge  Ho.  1 (Table  3*1).  are  depicted  in  Fig.  3-1 • 

The  influence  of  inductance  on  the  behavior  of  a discharge 
may  be  determined  according  to  the  oscillograms  in  Fig.  3*2,  taken 
for  discharge  Ko.  3 (Table  3*1)*  An  increase  in  L does  not  cause 
a change  in  the  breakdown  lag,  since  the  drop  in  inductance  voltage 
in  the  process  of  discharge  initiation  is  small.  The  time  depend - 
ancc  of  the  channel  resistance  for  this  case  is  shown  in  Fig.  3*2. 
Two  factors  stand  outs  the  channel  resistance  drops  in  the 
discharge  process  less  in  the  case  of  low  inductances,  and  passes 
through  a maximum  at  moments  of  0 values  of  the  discharge  current. 
As  is  seen  in  Fig.  3*/+,  the  introduction  of  energy  into  the  channel 
is  slowed  with  an  increase  in  inductance  and  the  electrical  power 
drops . 

There  is  a practically  complete  transfer  of  energy  from  the 
condenser  into  the  channel  in  all  cases  considered,  since  the 
resistance  of  the;  channel  significantly  exceeds  the  resistance  of 
the  rest  of  the  discharge  circuit. 


A disejr  rgo  i.; ■ -y  b'  converted  into  a damped  one*  1 lation  curve 
not  only  by  3 ncrensing  the  inductance  of  the  discharge  circui  t,  but 


also  by  shortening  the  .length  of  the  electrode  gap,  as  occurs  in 
the  case  of  discharge  No.  4 (Table  3*1  )•  The  oscillograms  in 
Fig*  3*5  show  that  the  duration  of  discharge  No.  4 significantly 
increases  in  comparison  v/ith  discharge  No.  2;  as  a result,  the 
rate  at  which  energy  is  introduced  into  the  channel  on  the  whole 
slows  down.  According  to  the  behavior  of  the  resistance  of  the 
channel  (Fig.  3*2),  il  is  possible  to  assume  that  in  stages  corres- 
ponding to  minimum  power,  it  is  possible  that  cooling  of  the  plasma 
takes  place.  Sometimes  this  effect  leads  to  cessation  of  the  dis- 
charge [i  ]. 

Let  us  no'.v  consider  the  role  of  the.  amount  of  initial  voltage 
using  the  example  of  several  discharges  v/ith  a constant  condenser 
energy,  approximately  equal  to  45  J.  Their  parameters  are  giver, 
in  Table  3-2. 

Fig.  3*7  shows  oscillograms  of  the  discharge  current  in  voltage 
for  those  discharges. 


TAELL  3.2 


Number  of 


Discharge 

u,  kV 

C,  Mf 

L,  nH  * 

2,  cm 

1 

* 

52 

0.0.3 

, 1 

» 

2 

Xt 

©.«» 

3 

s 

3 

21.3 

0.2 

3.5 

4 

15 

0.4 

3 

1.2 

5 

10 

0.0 

3 

0.5 

V/ith  a rise  in  the  initial  condenser  voltage,  the  number  of 
leaders  increase:;.  As  a result,  the  leader  current  increases  and 
the  drop  in  cer.'K user  voltage  during  the  breakdown  lag  become  more 
noticeable.  The  energy  left  for  feeding  the  channel  decreases,  and 
the  shunting  of  the  channe  1 b.y  .streamer  currents  in  the  discharge 
process  also  cel;:  in  this  direction. 
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Figure  3*5*  Oscillograms  of  discharge  current  (l)  and 
voltage  (2)  for  discharge  No.  k,  Table  3*1 • 

Figure  J.6.  Dependence  of  channel  resistance  on  time 
for  discharge  No.  h,  Table  3.1. 

With  a decrease  in  voltage  the  breakdown  lag  increases  and 
becomes  unstable.  Oscillograms  showing  how  greatly  the  breakdown 
lag  may  vary  from  discharge  to  discharge  in  the  case  of  low  voltages 
are  given  in  Fig.  3»7i  e and  3*7.  f for  discharge  No.  5 (Table 
3.2).  In  order  to  provide  for  the  breakdown  of  the  electrode  gap 
it  is  necessary  to  decrease  its  length.  The  channel  resistance 
thus  is  reduced,  and  the  discharge  is  transformed  into  an  oscilla- 
tory mode. 

We  shall  now  consider  the  electrical  characteristics  of  more 
powerful  discharges,  the  parameters  of  which  are  given  in  Table  3*3* 


TABLE  3.3 

Number  of 

Discharge 

u , V.V 

C,  pf  L,  »<!! 

1 , cm 

E,  J 

1 

C 

15B  ] . '> 

6 

20/JO 

2 

6 

1 (■>•>  0.1 

3 

2970 

n 


Those  discharges  wore  initialed  with  the  explosion  of  tungsten 
wires  0.0k  mm  in  diameter.  Figs.  3*3  and  3*9  show  the  electrical 
characteristics  of  discharges  No.  1 and  2 (Tabic  3*3) » respectively. 
In  the  figures  it  is  seen  that  the  resistance  of  the  channel 
drops  at  tho  moment  of  maximum  current  to  approximately  0.08  and 
0.05  ohm,  respectively.  A certain  rise  in  resistance  is  observed 
toward  the  end  of  the  discharge. 

Tho  duration  of  the  first  discharge  is  close  to  the  value 
« and  in  the  second  discharge  it  significantly  exceeds  this 

vnlu-  . Xvidrr.lly,  the  duration  of  the  second  discharge  could  \ o 
shortened  without  conversion  into  an  oscillator”  mode  by  decreasing 
the  length  of  the  channel.  In  fact,  the  critical  resistance 
Rc  r‘  /C/fT,  corresponding  to  tr.r  maximum  rate  of  introduction  of 
energy,  for  the  first  discharge  i-  v . i ohm,  wnich  is  close  to  the 
minimum  resistance  of  the  cnannel  O.CS  ohm,  while  for  the  second 
disc  c-rge-  i.  is  0 . ?2  or.:.,  which  is  signifl  v.r.tly  below  the  minimum 
resin  v..r.':c  o'  t -.t1  ch-.r.r.  ; : 0.0  5 oi.r..  Thus,  the  second  di  s'. large 
is  controlled  ty  the  effective  resistance  of  the  channel  to  a 
significant  u<  arce. 


The  most  powerful  discharges  were  investigated  by  Komel'kov 
et.  nl.,  [2 'J.  These  discharges  proceeded  in  a damped  oscillation 
mode  with  several  half -periods.  The  length  of  the  electrode  gap 
was  12  - 15  mm.  The  electrodes  were  made  in  the  form  of  opposed 
coaxial  brass  rods,  pointed  at  an  angle  of  25  - 30°.  The  parameters 
of  the  discharges  investigated,  and  also  the  values  of  the  maximum 
current  Im,  maximum  rate  of  current  rise  I , voltage  at  the  moment 
of  maximum  current  and  duration  of  the  first  half  period  t/2  are 
given  in  Tabic  J.k. 
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Figure  3.?.  Os tiilo grans  of  discharge,  currents  (curves  t) 
and  vo. 7 lofts  (curves  2)  i*or  discharge:-  No.  1-5.  Table  3*2. 


TABLE  3-4 


Number  of 
Discharge  u, 


J 

3.7 

12 

40 

5.4 

61 

20 

5 4 

*« 

.» 

131 

53H 

l:l-i 

r.:<o 

30 

21o 

72o 

UIm. 


,i.r.  i«* 

2.1  in" 
0.5  in" 
1.75  |0‘s 
2.1  I"" 

1.75  tv** 


Figs.  3* 1 0 -rid  3 • 1 1 show  oscillograms  of  the  discharge  current 
and  voltare  in  the  el ci rode  gap  for  discharges  No.  1 and  4 (fable 
3.4).  For  powerful  o in- Largos  the  correction  for  the  inductive 
volfr-:  corps:--  •:  l (1  > 10"  a /nee)  is  significant.  Evidently,  due 

the  -j-i;"  t ol'.’-f  ro  :.u:i'.-  '-a  the  discharges  investigated  by  Komel  ’ l:ov , 
<;t.  a ! . , ; f : In  ,i  a ::i.  r.ifioanl  nc.'i !. tori ng  of  vtlucs  of  the  brt  nkdown 
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Figure  3.9.  Electrical  charac- 
teristics of  discharge  No.  1, 
Tati e 3.3. 

Figure  3«9*  Electrical  charac- 
teristics of  discharge  No.  2, 

ratio  3.3. 

Fir. ire  3.10.  Oscillograms  of 
discharge  current  and  voltage 
for  discharge.  No.  !,  Table  3-*i. 


lag  of  from  several  tenths  to  several  tens  of  microseconds,  and  due 
to  the  short  length  of  the  electrode*  gap  several  channels  were 
formed  at  once,  v.hich  then  merged  into  one  common  channel.  The 
resistance  of  the  channel  at  the  moment  of  maximum  current  was 
around  0.01  ohm. 


At  tht*  beginning  of  this  section  we  mentioned  the  complex 
dependence  of  the  doctrinal  characteristics  of  a discharge  on  the 
parameters  of  the  discharge  circuit.  However,  for  estimates  it  is 
possible  to  use  simple  relationships,  giving  the  true  order  of 
ma- n i ttvie  of  th'  \ c- 1 ' c tric-'-l  values,  ehnraelori/ii.g  the  dis- 
charge. /.frtii'll.,,  if  th'  discharge  proceeds  in  a close  to  critical 
"r.  '*  ( V:  s • . • : *1  • h*>v<  , is  r»ort  M'tpo  ri : n t in  practical 
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respects),  then  the  duration  of  the  discharge  t proves  to  be  close 
to  the  value  * ►£c\  and  the  minimum  resistance  of  the  channel  Rm, 
is  close  to  the  critical  resistance  of  the  circuit  2 / L/C. 
Measurements  show  that  the  minimum  resistance  also  may  be  estimated 
in  the  following  way « it  is  approximately  equal  to  the  ratio  of 
half  the  initial  voltage  to  the  maximum  current,  which  in  turn  may 
be  found  from  the  relationship  Cu~I  t/2.  From  these  relationships 
the  value  R proves  to  be  approximately  equal  to  the  value  t/4C. 

It  ic  easy  la  l ecu convinced  that  nil  the  experimental  values  are- 
in  good  agreement  with  the  values  found  according  to  this  formula. 
The  maximum  power  developed  during  a discharge  is  determined  by 
the  value  Cu'/t,  and  the  maximum  transconductance  is  I **'4Cu/x  . 

The  values  calculated  according  to  these  relation. ships  also  are  in 
good  agree:..:-;:*  with  expori mental  values,  ?.nd  the  discharge,  m-o*,  r> c 
stipulated,  is  close  to  critic* 1 . If  the  length  of  the  channel  is 
too  groat,  then  all  rolationshios  presented  above  give  correct 
vr.luojj , if  - is  hr  jWi.  frer  *.xp-'  v*ir*x*nt.  If  the  discharge  proceeds 
in  •••  ir.cde  rith  ir.dic*  :.  ic/,.c  cf  oscillation,  then  the  value  of  t 
aim  ic  dorr  to  "*/LC. 


Oseillography  of  the  discharge  current  and  voltage  in  discharge 
channels  with  different  parameters  of  the  discharge  circuit  Ehov/s 
that  electrical  discharges  in  water  may  take  place  only  in  a damped 
oscillation  mode  if  the  mean  channel  resistance  with  respect  to 
time  is  less  than  /L/c , or  in  a mode,  similar  to  a critical  mode, 
characterized  by  approximately  symmetrical  curves  of  current  and 
power  relative  to  the  maximum  value.  There  is  no  close  to 
aperiodic  discharge  mode  with  a characteristic  exponential  drop 
in  current  and  volt".-  in  the  case  of  discharges  completed  by  the 
formation  of  a eh-r.nr  1 . Such  a mode  may  occur  only  in  the  case  of 
discharges  uncompleted  by  the  formation  of  a channel,  which  can  be 
controlled  by  tho  ballast  resistance  of  the  water  to  a significant 
di.-yei.;,  .lit*  absence  d n discharge  mod--  close  to  .aperiodic*  is 
co. ..I*  f:ti*.l  w.i  h t:r  ur. i cna  behavior  of  the  resistance  of  the  d i sehar*  e 
c} : a .no  1 in  ‘.I.-:,  i i s'*;..*  r">:  process  - by  tro  passage  through  a minimum. 
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Figure  3.11 . Oscillo{ rams  of 
discharge  current  and  voltage 
for  discharge  No.  4,  Table 

Figure  3*12.  Diagram  of  an 
approximation  of  the  pov.er 
curve . 

Figure  3*13*  Dependence-  of 
rated  on orgy  or.  time.  Curve 
1 corresponds  to  formula  3.1  j 

Curve  2 - to  formula  3.2. 

The  parameters  of  the  discharges 
are  given  in  Table  3.5.  The 
numbers  on  the  figure  designate 
the  order  numbers  of  the  dis- 
charges in  the  table. 


power  on  time  is  represented  by  a curve  of  nearly  triangular  shape 
(Fig.  3.12),  as  is  seen  in  Figs.  3.8  and  3.9.  This  leads  to  the 
idea  that  in  the  c are  of  rough  calculations  the  lav/  of  energy  re- 
lease for  all  discharges  in  a mode  close  to  critical  may  be 
approximated  with  or.e  relationship.  In  fact,  if  we  introduce  the 
dimensionless  variable  x t/T  and  f(y.)  - E(x)/K,  where  t is  the 
discharge  duration  determined  according  to  Fig.  3.12  and  E is 
the  total  energy  r< •.leased  in  the  channel  , it  proves  to  bo  tig-  cane 
th't  the  thus  normalized  function  f(x),  characterizing  the  mole  oT 
r nervy  re  I'n.-o,  if*  r t1  miitr.  n*.  i very.  1 yi  .*1  little  fr'v> 
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re  nit.,  i r ivori  in  the  fifth  column. 
ot.«:-r.".v  released  in  a discharge. 


r’r  h ml  Krnr  . Th*-  charaei  > rl  rti  c radius  of  the  discharge 
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Graphr.  of  simple  functions,  approximating  the  actual  dependence 
of  the  rated  energy  on  time,  are  represented  In  Fi/%  3*13  by  the 
solid  curves. 


Curve  1 Is  a r.raph  of  the  function 


/<x)-|4x-2x»-i 


0<*<4 

T<*<* 

K* 


(3.1) 


Curve  ? Is  a rrnph  of  the  function 


**  #<.<i 

1 Kx 


(3.?) 


The  function  f-,(x)  corresponds  to  an  approximation  of  the  power 
of  an  1 sorer- ■’.er  trl '-.r  :'!•>  of  unit  are?>,  a projection  of  the  vertex  of 
which  onto  t he  base  divides  It.  accord  In.-  to  the  ratio  1 : 3. 

As  Is  seen  In  Vi,:.  3-13,  the  difference  in  the  experimental 
curves  corresponds  approximately  to  the  difference  of  the  curves  of 
f(x)  and  fj^x).  Comnarlnr  the  results  of  a numerical  calculation  of 
the  hydrodynamic  characteristics,  obtained  with  the  use  of  f(x)  and 
fjfx),  it  Is  possible  to  determine  the  derxee  to  which  the  theoretical 
curve  accurately  approximates  the  real  law  of  energy  release.  Such 
a comparison  will  be  made  In  Chapter  VI. 

Section  3.  Expansion  of  the  Channel 


After  1b'-  completion  of  the  procef,::  of  Initiating  a discharge  In 
a liotild  t. ?»-’ appears  n channel  filled  wlUi  partially  ionized  par. 
The  initial  farm  of  <b-  channel  Is  determined  by  the  process  of  initia- 
tion. Tn  tli'-  ca:-.*-  of  t h--  initial  Ivan  of  d 1 seharj'rs  by  the  hiiih  voltare 
hr--al:'1ov;o  of  ••  Jloui-i,  i Ik-  Init  ial  form  of  '.he  channel  is  determined 


-V 


4 


/ 


by  the  form  of  the  leader  closing  the  electrode  nap*  In  this  case, 

geometrically  regular  channels  practically  never  appear. 

A channel  usually  has  small  scale  and  large  scale  distortions.  # 

Fig.  2.7  shims  photographs  of  channels,  taken  by  the  self-exposure 

_2 

method.  The  initial  channel  diameter  is  on  the  order  of  10  cm. 

In  the  case  of  low  voltage  discharges,  the  initial  form  of  the 
channel  is  determined  by  the  gas  bubbles  formed  on  both  electrodes. 

If  they  are  symmetrical,  or  by  one  gas  bubble  on  the  high  voltage 
electrode,  if  the  construction  of  the  discharger  is  asynetrical. 

In  this  c !n  contrast  to  high  volta  -e  breakdown,  the  initial 
diameter  and  length  of  the  channel  are  close  in  value.  Only  in  the 
case  of  initiating  discharges  with  wire  bridges,  by  breakdown  along 
a ras  bubhi--  formed  by  a preliminary  corona  discharge  in  the  conduc- 
tin'- liquid,  and  by  breakdown  by  parallel  electrodes,  a description 
of  which  is  given  in  Section  **,  may  geometrically  regular  chan- 
nels be  of--. vm:  in  the  flic;*  case-- in  the  form  of  a right  cylinder 

w'th  sr/n-'-r*  sides,  in  th'»  second  arid  third  cmres — in  the  form 
of  a het/.i sr-.h , since  in  these  cares  discharges  usually  are  produced 
on  a rigid  reflector  In  which  the  discharger  is  mounted.  The  initial 
diameter  of  the  channel  in  the  case  of  initiation  with  wires  Is  deter- 
mined by  the  diameter  of  the  v/lre,  in  the  second  case,  by  the  diameter 
of  the  initiating  bubble,  and  iri  the  third — by  the  width  of  the  inter 
electrode  clearance. 

The  pressure  in  the  channel  rises  and  the  channel  expands  because 
of  the  Intensive  heating  of  the  plasma  by  the  discharge  current.  In 
the  process  of  expansion  the  channel  boundary  may  be  considered  to  be 
impenetrable  for  the  liquid.  This  does  not  mean  that  it  is  possible 
to  Ignore  evaporation  of  the  liquid  in  examining  the  processes  inside 
the  channel. 
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in  (Unsocial in,*  water  molecules  and  heating  gas  (see  Section  5, 
Chapter  3).  Then,  11*  I)  in  the  dissociation  enemy  Tor  one  molecule, 
the  enemy  described  by  the  fol  lowing  formula  is  required  for  the 
dissociation  of  the  molecules  In  a mass  m of  water  and  for  heating 
the  monatomic  gas  formed: 

Z-N,[D  + ±kT),  (3.3) 

where  a is  the  molecular  weight  of  water  arid  Nq  is  the  Mvo^adro 
nuii  boi  . 

Assuming  that  all  the  energy  released  in  the  channel  goes  to 

fore,  heated  gas,  wo  find 

*»  - En/Nt  fj)  + ±'kr) . ( 3 . U ) 

Havin  ' " “ J0?  *-T , T = 10*  K,  we  find  n = 1C"1  g. 

C'  u::-'  qu'»n‘  l;.- , 1 '•/>  volur-  • o'*  w a1  or  evspom'.cd  in  this  case  equals 
-l  * a 

in  e-  , v:M  V-  *h's  vein*  e of  tm  channel  of  such  a discharge  amounts 
to  several  cubic  com i maters. 

Judging  by  the  glow  of  the  discharge,  the  plasma  fills  the 
channel  quite  uniformly  in  the  process  of  expansion.  Photographing 
the  channel  through  a silt,  perpendicular  to  the  axis  of  the  channel 
with  a high  speed  photographic  recorder  against,  a background  of 
Intensive  ilium! nation  shows  that  the  plasma  separates  from  the 
channel  walls  only  at  the  end  of  the  discharge.  Pigs.  3.1**  and 
3.1>  show  phot o graphs  of  channels  taken  against  a background  of  a 
flash  bulb  non  against  a back) round  of  a second  discharge  identical 
to  the  on"  ! nv' sM  -oied . The  inter  layer!  n;  of  cold  gas  between  the 
1 u"  i rr •scent  nJ-u.ma  and  the  water  during  the  entire  discharge  is  not 
in  1 h'*  ph'-v. -raphs . It  becomes  noticeable  after  the  end  of 
t h"  d*:; c»i', i.:g-  n ! asrs.a  l *inr:inr  with  the  periphery  of  the 
ch'i n’ ••  • i cue] ;•  e i . 1 iii :s  rlu.-e  area:,  of  lower  1 uni nosl t.y  and, 

a n*  ! y , o'*  ! r ! >■»  .n'-ra*. .>:•'•  •»  J ::o  Ir.side  the  channel 

\ . . • * * • “*  . ' * ' . • # * '*  ' J ' ' 4 ! • p* ; ' r»r  » .1  i;*j  ] Cn)”'  Mm  ( ) 

:•  . . : * . ■ :.i.  . ’ . *•  •*  i . -i  \ : \ 


overall  creator  luminosity 


F'.ows  of  cold  gas  from  the  channel  walls  may  be  the  cause  of 
the  appearance  of  nonuniformity.  Such  flows  may  arise  due  to  the 
instability  of  the  transition  layer  between  hot  plasma  and  water. 

It  is  difficult  to  take  account  of  this  factor  in  calculations. 
Therefore,  in  choosing  a discharge  model  below  we  shall  consider 
the  plasma  to  be  uniform. 

Tne  shape  of  the  channel  at  the  end  of  the  discharge  and  its 
diameter  wit h a given  length  of  the  electrode  gap  are  determined 
by  the  duration  of  the  discharge  and  the  amount  of  energy  introduced 
into  the  channel.  The  longer  the  discharge  and  the  more  energy 
introduced*  the  ""eater  is  the  radius  of  the  channel  and  the 
closer  the  ultimate  form  of  the  channel  is  to  a sphere,  even  If  the 
initial  form  of  the  channel  was  close  to  cylindrical.  If  the 
Initial  form,  of  the  channel  had  spherical  symmetry,  the  ultimate 
for?.: , natural  ly,  retain:-,  this  syrnr-M  ry.  The  dependence  of  the 
characteristic  chant, el  radius  R^  on  the  disch.arrc  duration  t and  on 
the  amount  of  energy  introduced  into  the  channel  E may  be  found 
approximately  from  the  following  considerations. 

If  Rq  Is  the  characteristic  radius  of  the  channel, 
reached  over  time  t,  then  the  rate  of  expansion  of  the  channel  R = U 
In  order  of  marni v.ude  is  U * Rq/t  . Then,  in  agreement  with  the 
results  of  Chapter  4,  the  pressure  of  the  liquid  on  the  walls  of 
the  expanding  channel  at  subsonic  and  near-sonic  speeds  of  its 
expansion  is  estimated  by  the  formula  P ~ P0Ro/T** 

Further,  the  intrinsic  energy  of  a unit  volume  of  plasma  in  a 
discharge  channel,  as  is  shown  in  Section  of  this  chapter* is 
determined  by  the  formula  P/(y  — 1),  where  the  effective  adiabatic  expo- 
nent y = 1 .?(•  for  di  sc  barges  in  water. 


Fig.  3- lb.  I’hotogram  of  the  expansion  of  a discharge  channel. 


Then  fo**  discharges,  the  shape  of  whose  channel  is 
close  to  spherical,  the  intrinsic  enerry  of  the  plasma  in  the  dis- 
charge channel  is  determined  by  the  formula  PF/Or  — i)  *»  *)/(T  - 1). 

In  order  of  magnitude  this  energy  is  equal  to  the  total  energy  E 
released  in  the  channel  at  the  end  of  the  discharge.  Hence,  the 
radius  of  the  channel  at  the  end  cf  the  discharge 


(3-5) 


For  a cylindrical  channel  *t.he  int  rinsic  energy  of  the  plasma 


(3.6) 


M^r- 


Wo  note  that  formulas  (3.5)  and  (3.6)'  will  be  obtained  more  ri- 
gorously in  Chapter  5 in  a calculation  of  hydrodynamic  models  of 
discharges . 


By  using  formulas  (3.5)  and  (3.6)  it  is  possible  to  estimate 
the  characteristic  rate  of  expansion  of  a channel  and  the  order  of 
magnitude  of  the  pressure  in  a discharge  channel  if  the  energy 
E released  in  the  discharge  channel  and  the  tin.e  of  its  release 
t are  known.  For  example,  for  the  discharges , the  parameters  of 
which  are  given  in  Table  3-5,  the  characteristic  rates  of  expansion 
of  the  channel  prove  to  be  in  agreement  with  the  experimental  data 
on  the  order  of  Id  ' cm/sec.,  and  the  pressure  in  the  channel — on 
the  order  of  from  several  hundreds  to  a thousand  atmospheres. 


An  e:-:ooritrenl?ji  invest:? ration  of  the  expansion  of  the  channels 
of  high  voltage  discharges  with  a channel  length  of  5-10  cm  shows 
that  the  ratio  of  the  rad  • us  of  thi  channel  to  its  length  at  t he 
end  of  the  discharge  remains  less  than  unity  if  the  duration  of 
the  discharge  does  not  exceed  several  tens  of  microseconds,  and 
the  energy  released  in  a unit  length  of  the  channel  is  several 
kilojoules.  This  is  in  good  agreement  with  the  estimates  obtained 
according  to  formula  (3.6).  The  rate  of  expansion  of  the  channels 
of  such  discharger,  is  practically  invariable  along  the  channel. 
Hov/ever,  if  the  length  of  the  channel  is  short,  then  substantial 
changes  in  the  rate  of  expansion  of  the  channel  along  its  axis  are 
observ'd.  Fig.  3.16  shows  a* photograph  of  a channel  at  the  end  of 
a discharge  of  l‘>0  jjf  capacitance  with  a voltage  of  6kV.  The 
length  of  the  inH  ini.  in. g wire  (material — tungsten,  diameter  0.0*i  mm) 
is  around  3 cm.  Vim  indue?  a ncc*  of  the  discharge  circuit  is  approxi- 
mately ennui  to  0.1  pi? . In  the  photograph  it.  is  obvious  that  the 
sections  < f ’no  channel  rm.ur  the  electrodes  expanded  more  intensely, 
Impartin'’  a 'itmli  ■!■  shone  to  Un  channel . A possible  cause  of 
this  phono-men  be  the  p fere.nt  i ;i  1 release  of  energy  in  the 


r , 


Pi.-*.  3.  in.  I'hol  or.rrph  of  a dlschir;*c  channel . 

As  a result  ’.ho  ! enure  is  the  sar:,o  as  if  there  were  two  closely 
sltuot  • • J po i nt  <1 * ••hi: r -os . 

TJx-  time  depend- -nee  of  the  radius  of  the  channel  in  the 
dice  ha-;**  pno-^;-  to  a first  approximation  is  linear,  as  is  seen, 

°or  exf.tlo,  in  ‘.he  phot  err  r-.-s  Mrs.  7 and  10,  shown  in  Fits.  3.17 
and  3.1?. 

Section  »i.  Conditions  of  Oas  Eaullibrlun 
Tn  the  Discharge  Channel 

The  rapid  release  of  energy  in  the  channel  of  an  electrical 
discharge  in  a liquid  leads  to  ini. once  heat.Jnr.  of  the  matter  in  the 
channel  arid  to  evaporation  of  the  liquid  from  the  channel  walls. 


Jh'’  number  of  particle*,  in  the  channel  during  the  discharge 
increases  not if*  ably.  The  newly  evaporation:  molecules  of  liquid  arc 
hoy  ..e(l,  d i ssoc  i at-  , end  am*  ionised.  As  n result  th**rc*  is  formed 
In  th**  1 ' se'iai-  channel  a dense  low  1 ennoraturt;  olosma,  the  toruicrn- 
tur^  o *h.  e!i  h*-  <•?.!,■ r- 1 mental  and  theoretical  results  presented 
,'"1 ( r"f'1  lr'1  7)  ••hnv' , f.rre:-:.-, to  ih  • rerion  of  the  first 
1 ih.ov.**  r),  ;„rl  t !„  • tarUcle  or, nr  ■ rit.ru- 

"ir,:i  1 • 1 '•  . f'-ari:.-  In  ind  Mr-  hr.-vl'y  of  a d 5 - 1 , • . ? • •>  • 


(the  flow  of  current,  usually  lasts  10~  — 1 0~  sec.).  It  Is  neces- 
sary to  consider  the  question  of  the  pas  equilibrium  in  t-he 
channel , in  other  words,  to  determine  whether  an  equilibrium  cxpan- 
ion  of  energy  according,  to  decrees  of  freedom  succeeds  in  beinp  estab- 
lished. A detailed  examination  of  the  relaxation  processes  in 
pases  is  pi  von  In  reference  [ 3] • V/e  shall  make,  following  reference  [ ?.] 


•* 


Fig.  3.13.  Phonogram  of  the  expansion  of  discharge  channel  No.  10. 


an  ert  inatc  of  the  times  required  for  the  establishment  of  a Maxwel- 
lian distribution  in  an  electron  res,  in  a pas  of  atoms  and  of  ions, 
and  also  of  the  relaxation  times  of  the  processes  of  dissociation 
and  ionisation.  All  numerical  estimates  will  be  made  relative  to 

discharges  in  * he  water. 


The  time  required  for  the  establishment  of  a Maxwell  distribu- 


tion of  electrons  v:covd  I n:* 
.•  i idi- of  {>m.  {.in--  In 

In  t ’c  eoiir*:’**  of  w'd  f,h  i he 
u It.  '*■’  >u  ! ' : h j n1  <■  !-1 

ri  r •*'  *)t'  ;•  r,'% 


to  t},e  speeds  characterising  the  est.nb- 
•m  electron  par.  is  determined  by  the  time 
kinetic  enerry  of  an  electron,  as  the 
on  with  oth*  r ’I'-ctrons  is  chanr.ed  by 
v-'-ry  kin'’4.,  i c t -Merry  of  the  electron. 


..  i 


v > 


j T is  do' 


(3.7) 


1 3,Hn  In  A 

where  n0  is  the  numbe  r of  electrons  In  one  cubic  centimeter,  and 
the  so-called  "Coulomb  loyarithu"  Is  expressed  by  the  formula 


3 n 7*  i".  / 7*»  \Y. 

la  A In ; « I.i0,«2-i0«  I — 5-1  . 

2 (*•>•>  \ \ / 


(3.8) 


For  the  rase  r.'  * ! f.  ,000"  K,  chr.raot.-risvic  of  electrical  dis- 
cl.ar.---r , u * arid  r ~ 30“^  see.,  that  is,  a Maxwell 

d'i  • but  •;  in  \ J •••  channel  of  an  oli  etrical  d j ochar-*'* 

is  . r;t 'ill  i;  .h-  .?  v«‘  ry  i-ily  In  co:  .nrtrison  with  the  dui-aticn  of  the 
d ’ -e . *•  Is  r.c  ^ fM"'/  \.c  not-'  that  Forr.e;  Ja  (3.7)  used  below 

has  also  the  expressions  describing  collisions  between  charred  par- 
ticles,'•  r ‘ able  • V for-  e.-i  !- atinr  orders  o'’  moeni  lode  of 
the  f-r.aract. -ri si i <:s  of  a dense  J c. temperature  plasma  formed  in 
1- ‘ * • --n  cl-  •‘r-'-'.l  • > ; . -V-r:<.  Jr:  H ljijuld. 

'.'he  1 1;  • n r-  !\>r-  lb-  establlsh-v-nt  of  an  equilibrium  dictri- 
t r.  ; ,r.  *:j  a . • ;;  of  u*  • > (■•:•  I our.)  -.ay  b«  'sM.-.-at'  d accui-d  1 n.:  to  the 

formula  (3) 


(3.9) 


where  n is  ? h*‘-  number  of  part  J el  on  In  a unit,  volume. 


r - (SIT In’ii)'-’  - . f , |tj*  | (cm  **c| 


(3.10) 


is  t h--  thr  1 T-.-t  ••  of  :.h  ii-  notion,  o,  Js  the  mar.  kinetic 


rf;ve  *■ 


^ r •# 

•:?  1 '*o , in  or-  I*  r-  r>r  lvi.n'lud*  amount.  In**:  to  1 0“  ‘ ' e;/  . 
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•••.  , A = IN  (r>  •'/*  -i  ) , V * »!  * 1 0 ' on/rv  c. 
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The  equnlis.nl  Ion  of  the  election  and  ion  (or  nas  kinetic) 

temperatures  takes  places  much  more  slowly.  As  a consequence  of 

the  sharp  difference  in  the  masses  of  the  electrons  and  atoms 

(or  ions)  in  the  case  of  elastic  interaction  they  are  replaced  by 

an  enerrv  amount inr  to  a small  proportional  ratio  of  their  masses 

or  fraction  of  the  kinetic  energy.  Therefore,  for  a significant 

exchange  of  energies  between  particles  of  different  mass  they  must 

undo vo  still  more,  on  the  order  of  n /*::  , collisions  (m  is  the 

a e • a 

mass  of  an  at  or,  m is  the  mass  of  an  electron. 

e 

feus  i-d*  ration  of  t hi  s factor,  as  is  sho.-si  in  [3]»  leads 
to  th,-  fnllcwinr  formula  for  the  lime  required  for  establishing 
equil  1 hr  b'-t  -a  an  electron  far  and  r.  -as  of  heavy  parti  el ''t — 
•ef>r.'  'a-  ions. 


(3.11) 


t *,ZMn  A 


(3. 12) 


■5 

where  is  the  number  of  ions  in  1 cm  ; A is  the  atomic  weight; 
7.  is  th'  ionic  churre;  the  Coulomb  logarithm  is  determined  by 
formu  7 a ( 3 • H ) 


Trt  *,  A ’ * » t 


(3.13) 


v.’her-f  ri  Is  th'  rnr  b'T  of*  atoms  In  1 cm1, 
rv  ’ 


» f.,21 . 10'  Yr,  [em/sec  | 
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V/I.r-r o T *=  lb,OOOc  K,  nn  » 10?0  cm"3,  »i(,  * ft-3018  cm"3, 
the  relaxation  1. 1 •::«?•«  calculated  according  to  formulas  (3.12)  and 
(3.1'l)  prove  to  bo  equal:  for  hydror.cn  T , « t ~ 10"^®  sec., 

Q O 

for  oxyron  t , ~ 10"’  sec.,  t „ » 10“  see..  Here  the  nuclear 
J el  ’ ca 

electron-ion  scat'  er In;:  cross  sect  ion  proves  to  he  equal  to 

An  r-_  l,210-»— 

and  for  the  nuclear  scat  ter!n : cross  sections  of  an  elector*  on 

j»t  ons  of  h.vdro‘-n  and  ovy  the  foil  owin'*  were  assumed  with  tie. 

pane  v?  lues  1,  n , r . accordin'  to  th'  data  Ir:  [ 
o c 

“cm1  (hylragen), 

0,l.f0~wcm*  (oxygen). 

he*  ns  now  eons  Jd<  ••  the  slower  rroc'  ss-.r  of  est.abl  lshino 
coal  1 I br  t 1 on  I 4 .1  • r.  ;;  r*  i dj.ts.aala*  inr».  t s Is.  Ir.iient'd  Jr. 

L 3 J » with  electro,  ccncenv-ratlci.s  o'1  :;.ore  th: li"  ' c:..“  * , the  lcr.lt; 
tint,  nf  ;r. fn-c  • . the  -Vv.;r.d  at  u*.  t ta  s 3 ly  t^crarc* 

o-'  .iii  V. s'-,.  1 ,i  s v;t  .as.  Th.  aneed  of  this  nr\  s:; 

1..  cb..  *■  ■••i  •rj....\:  ...  > iii  re . a ..a « 1 ••  * i « . ' . . . s 


where  « Is  * he  .Ionisation  rate  constant;  n.  Is  the  number  of  atoms 

.j  c u 

In  CS:  . 

Jllnpl''  ccns.irb  rat lor.r.  lead  to  the  folloviltir  formula  for  the 

rt.*  e f 3]. 


wlr rf-  o ~ e,<T  t.*.  ;;  . • •-•n  valu'  of  the  Ive  cross  see*  1 . >i, ; 

< : f 1 ’ 

t.b  • co:  .-.*  ant  C - !'  <••'/•  7;  v Is  'he  V'-at,  thermal  :a«o«.»d  of  an 

% 1 

elect  d*‘  i a by  f'rsila  ( . I *{ ) , rnd  I I ■:  '.Jr  Ionian'  I or 


, I ■ I •: . ..v  f j:.-.; ...  .,)  and  IS,  Off)0  . , 


—17  o „ 7 

wo  obtain:  * 1.3*10  cm  ' , ve  * 7.7*10  cm/sec.,  ag  * 3.3* 

10"14  cra3/sec.,  i(,  - 5*10-^  sec. 

Ho  shall  now  examine  how  rapidly  the  dissociation  of  molecules 
. evaporat  It  .*  fro:-;  the  channel  walls  lakes  place.  As  will  be  shown 
below,  at  l er.ro  natures  of  1 0*1  ° K water  molecules  are  practically  com 
pletely  o'  ss.oe  Into  i (see  also  [5,6)). 

As  is  sh'v.’r;  *••  [.-;),  the  time  required  for  the  establishment 
of  equilibrium  dissociation  (where  1— a**l)  in  order  of  m* "nitudo , 
may  be  i ji  I*  .at  • d n-vordin*  t o the  formul  a 


« r 


■*.:;! 


b 


t „ 8 

V.  ■'  r~;  h *« 


(3.1a) 


r.if  of  * • .’■•t i Ti : n “ n is  the 

a 


icier.  in  a unit  volume;  k_  is  the  reccr.-.Linut  1 on 


Sir, ole  considerations  [3)  lead  to  the  following  formula  for  an 
approx  1 1.  ate  estimate  of  this  constant : 

, - l.v* 

where  v is-  the  moan  thermal  sper  d of  an  at  om,  determined  by  formula 
(3.10);  o is  the  -as  kinetic  scattering,  cross  section;  r is  a 
dlslanm  on  th'-  or  of  the  no^eeular  di mens  ions. 


For 

'.•hen  k . 


h • 10  ' c::;/:: ec  . , o • 1 0” 3 ■*  cr/  , r - .'J . 6 • 1 0 


-8 


cm. 


_ v r 

. <;  • I 0 ’ era  /sec 


i'e.  .»*!*•■  5 -,:p]  that  the  preliminary  d»  connos  i 1. 1 ot;  of  a vritf  r 

. ..  , s of  hy 0 *■  a i •-»,-!  t n,  ■.;h*,,h  th* ■:*  >1 1 s.s.-v:  1 a i • , 

.••••/  ‘ o :>  : ; * : * • ■ 0 i 5 - * * ' . i !>*•••  ••  , v:  • -r. • ! ! ci  1 <•  : l.e  r**:  «•*  ’ or 


.1  ■ 


rate  constant.::  for  these  molecules 


For  hydroren 

»«1,45'10'  /f  cm/tM,  a — r *a  2,5*  10**  em, 

9,M0  « Yf  cm*/*«c. 

For  oxy*en 

»*0,3»M0‘ cm/»«c,  8~i0*,‘em1,  r»3.{0'*cm, 

k,  rt.  3,7-  lO”111  Y'J  cmV**c. 

!’■  ur‘u*  . 1 1 's  :.![,)  a?/:  le-arl  nr  !n  r.’i.d  4 hat  close  to 
corip  lev*  , for  e.-:n:  le  90,'  (see  fo  J lov/ir..:  Section),  dlssoelat  J or.  i« 

rea -*!:.•  ! a*  ’;v"r  l*>nj;r  <v'  several  4 hour tad  oe^recs,  v/e 

find,  * tat  ’.her.-  n •»  10  cr*^»T{,*£  10“^  sec.  * 


Thun  It.  Is  obtained  t hat,  the  rates  of  the  processes  cf  dissocia- 
tion I'Mlm.  ! t };  ert-:.hMr.?.*.-.‘nt  eft.  Yv-well  d 1 strihe'  ion  o'* 


or-  f * •.*•  f 


f ft  < 


i.  t r .e  • - i ■.  e.;  rue  ea'.ial 1 .to?  ic  n o'‘  the  electron 


and  lor:  t-  *:•? >e rat  , are  cl  esc-  it.  ron.rarir.cn  Jn  the  rate r.  at. 

which  rr.-t  er  *};••  r f a:,  electrical  dlscharre  o!;a:.  es 

state,  which  ' alter,  it.  possible  to  consider  the  plarma  in  the  channel 
to  be  eoullibri M . 


Sect.  1 f •:>  Cv  resit  ion  of  the  Oar.  In  a Discharre  Channel 


The 

equ  1 1 j hr 

• 1 ur  nature 

of  the 

la 

t e 

1’  r 

*r»:*  ‘ 1 

1m  ••a:;*  ly 

. Fir: 

of 

d.l 

• ! at  1 an  . 

' h-  • d i r r.'.i 

pl 

.,r.  „ 

•nr  dir.*  1. 

(.  fpff  re., 

t 

fi 

■ 1 !••  •<’.'  d 

r.-;:i  ir.t  . h 

i.V-tro. 

at 

hi 

■f.*  : 

• 4 » ;*,*  ./•  j • *v 

' iir-  r , or 

1h< 

•tt.or-r.  '•*  ' • •>!:'  ► ! *•  ■ , e-". 


plasma  rakes  It.  possible  to  c.alcu- 
1 v.*e  shill  consider  the  process 
of  v.’.atei-  r.r.leculo::  may  take 
r..  For  '.’ya.it  le,  <a  water  mol  ecu  It? 
t.fd  (i/tyvi.  molecules  which  disr.o-1 
or. It  Ion  of  t h"  molecule  into 


• .lr  it  > ■■  1 • 'tr  •'  ' i I I • i In  order  1 <•> 


« r 


evaluate  the  conditions  for  complete  ionisation  of  water  molecules. 
Namely,  we  shall  consider  the  decomposition  of  water  molecules  into 
hydroi.cn  and  oxygen  molecules.  The  dissociation  eneiv.y  in  this 
process  D * ?.ft8  eV/molccule*  » 5>7  kcal/mole,  the  characteristic 
temper-: t.ure  D/k  * 1*8, 300°  K.  The  hydroe.cn  and  oxygen  molecules 
formed  possess  e.reat.  hlndln"  energies.  For  H0D  * ft.ft8  eV/molecule  = 
103  k<*n  L/nole,  P/1:  «*  5?,000*K;  for  O^D  = 5.11  eV /molecule  * 118  kcal/ 
mole,  ’)/”  = 59,'iOO°K. 


.’e  note  also,  that  the  enei'fty  required  for  the  dissociation 

ireo  atoms  is  D ~ 10  cV/'.oi  eeule  * ?3j.  5 


O f !*. 

nii'fih’  of  !h,i! 

i»i4*o 

kcal. 

D/fc  * 1 

,000° 

i n the  case  cf 

the  d 

to  t; 

'*OTU'  ’*  i 

b.v  *5 

iimsocia  i or. 

of  tb- 

we nr 

.,n  i||, 

s'.*  r 

1 or.  of  t hv  hydro.  ;<.n  and  o:-:y,  :en  molecules.  Therefore, 


is  convenient  to  write  the  formula 
the  form  [5 J 


a ras  of  diatomic  molecules  r.ay 
1 i l.;;  of  free  < nc  r,*y  [1].  It 
obtained  from  this  condition  in- 


•l 


(3.16) 


4 “i  ~ n ic  the  .mar:;  concentration  of  the  atomic  component; 

o 

n,  , .*».  are  t h"  n r !;'•;•  of  a*  one  an':  molecules  in  1 cm  ; for  hvdroren 

a •j 

.0  -/cm  for  oxy  •' n p(J  = 16'J  ~/cn  , D is  the-  dissociation 
J-.r.  an  * xam.ple , T -M'-  3.6  nre.-r  nts  the  results  of  a calcu- 
•'  ■ {•/•  e of  dissociation  of  Iiydro.-cn  and  oxyren  at  a 

r.e.-i:>  si rii i f • cant,  dissociat  ion  takes 

1.05  leal/-  ! . 


Pd  " 

• • r i ;* 

1 V, ! ' 

i*rv*:* . 


|':  r :»  r 1 j ' i I * ; 1. 


t <; 


place  even  at  temperature:;  of  T<D/k  (see  also  the  calculations 
of  r,nc  plasma  composition,  made  In  161  - 

Table  3.6 


**•  + 


r.  -k 

t>\ - ?Cfi*K 

(hydrogen) 

/.*-  »W0*K 
(oxyren) 

4«v> 

0.<I74 

0.077 

0.2.0 

0.2t» 

C 

o.*.;o 

O.CIM 

o.ms:. 

o.ws 

12**0 

O.KCi 

1?  c-'-nr.ect  o-:  v: ! t h the  -rent  statistical  weirht  of 
the  di  srocl ited  state,  the  fact  that  where  kT<D 

the  trrilecu  lee.  are  "fy-aev  nv-aM  by  the  Impacts  of  fast  particles, 
be! to  the  far  "l..-  II"  of  a "axwell  distribution  accordir.r 
to  speeds  (s*v  |?.]). 

For  throe  reasons  the  ras  proves  to  be  significantly  Ionized 
at  temperatures  which  are  low  in  comparison  with  the  characteristic 
ionisation  temperature  I/k,  where  I is  the  Ionization  potential. 

In  the  temperature  ranfte  we  are  interested  in,  when  onlv  the 
first,  ioril s'.ati on  of  atoms  is  significant,  the  decree  of  ionization 
Is  determined  by  t.h~  Saha  formula  In  the  form  (see  1 3 J ) 

“fT“/,trrV  ”*  (3.17) 

H*>re  nf  , rij  , n,(  am''  the  numbers  or  electrons,  ions, and  atoms  In 
1 cH; 

fZnm  k\'/, 

A « 2 ) *=  1016em  J.  «l*9  V.  .-r.(0C10:‘  cnC’-eV-'/.; 


/ 


*» 


I are  the  statistical  Joule  and  atomic  sums;  I is  the  ioni- 
i a 

nation  potential;  7 is  the  temperature.  For  oxygon  and  hydronen 
in  the  temperature  ranco  under  consideration,  the  ratio  S./S  is 

i.  a 

close  to  unity.  Actually,  in  the  care  of  not  too  hip;h  temoeraturos 
S^/Sq  is  npproxi'.iately  equal  to  the  ratio  of  the  statistical 

v.vt-hts  of*  the  frour.u  Jr.nl  c and  atomic  states,  and  these 
ratio.;  ar*  1/  for  nvdro-'n  end  *'l/i ) for*  oxyron.  Tho  ionization 
no4  1 hv  J; ■ and  or-.yr.en  also  are  close  and  approximately 

renal  ] e V . :•<  suit?  e-«‘  a caleul a4  lor.  of  the  composition  o’" 

a hydro--;;  "»•  «.<y.v  n rlasr*'-  for  typical  values  of  particle  eoncen- 
trv. J.!»»v  V:  i ‘ e- ur-e;;  are  pre.n  >.1.ed  in  '{’able  3.7. 


‘■'able  3.7 


T.  *K 

"* 

* ■*'  ,;.i  V »•« . 

In  A 

100>.d 

1<I» 

I.HMOU 

o.isito-* 

2,07 

13O00 

10*» 

3, AC- 10" 

0.034 

1,81 

»<*» 

10* 

I.C0-1O" 

0,138 

1.48 

30  Coo 

10» 

0,147 

1.27 

100H) 

3-lov 

3,18- 10‘» 

o,i'»r..i<r* 

2,40 

15000 

3- 10“ 

y,no.  io'» 

O.OW0 

1.54 

20000 

3- 10* 

2,78- 10“ 

O.tWi 

1.20 

3-1  ton 

3-10V 

1,4-10“ 

0,310 

1.00 

As  Is  s*.  •*»»;  ,4  h'-  de.’*re<”  ->1’  j oni  vat  I on  in  the  channel  of  an 

electric-:!  d * s •ir.-r  */•  in  wed  'r,  when  a h vd  ror- ■ t i-oxy  pen 

dir;h‘;r'  ; 1 * a is  fv,j.  :'d , usually  is.  ssnll  but  due  to  the 

li  5 r'n  ; 4 7, '•  t •'.■a-intra4  i on  of  charred  wart  icier,  proves  to 

I !t  1 q - i 

!■<■  v<  rv  n i -h,  i nr  l'l  — 10  • c:a 


j *j*r: 


see 


1 


d.  -»*!•••  »>»*  d'"v!ntion  from  an 
cle  c ores' : “raM  on  rives.  A:, 


ideal 
iorJ  i 


• a 


! 


may  be  considered  to  be  ideal  if  the  energy  of  the  Coulomb  inter- 
action of  adjacent  particles  is  small  in  comparison  with  their 
energy  of  heat  motion,  that  is,  it  is  necessary  to  fulfill  the 
condition  (Ze)'/rQ<kT,  where  Z is  the  mean  particle  charge; 

-1/1 

m fti  m ' •'  4 m Vi  a run  <-4  4 e*  4 onno  UAAti  IiVam*  n h 4 a 4 k a Miivnkr.v 


is  the  moan  distance  between  then;  and  n Is  the  number  of 


particles  in  1 cm3  of  g as.  This  inequality  may  be  rewritten  in 
the  form  (see  13)). 


»<2.2-t0^-£)*i/cm\ 


(3.1*) 


Tn  the  pltsr.'-i  of  discharges  In  a licui'j  usually  n - ri,  ~ 10iy— 

el 

1019;  T * '?•  10^‘K,  7 =■  1 , so  that  condition  (3.18)  is  fulfilled: 


iq  pi 

10  <1.76*10  . The  presence  of  Coulomb  interaction  between 

pa^tl'les  l-  ads  to  the  fact  that,  or,  the  average  attractin'*  forces 
act  bo*  v.e^n  part  icier. , by  v*  r*  u-:-  of  the  fact  that  each  ion  surrounds 
itself  with  a cloud  of  par* 1 .-•leu  of  the  opposite  sirn.  This 
at  traction  influences  the  state  of  the  gas  in  two  respects  (see  13)). 
On  the  one  hand,  it  somewhat  reduces  the  pressure  and  energy  of 
the  gar,  in  the  case  of  a van  der  Waals  gas  with  mutually  attrac- 
tive particles.  On  the  other  hand,  the  presence  of  attraction 
means  that  an  electron  possesses  a certain  binding  energy  in  an 
ioni?ed  ras,  so  that  in  order  to  remove  it  from  an  atom  it  is 
necessary  to  expend  somewhat  less  work,  which  also  is  manifested 
In  a reduction  of  the  Ionisation  potential. 


The  second  effect  is  more  perceptible  since  even  a 
snail  correction  for  the  ion  I /.at.  Ion  potential,  entering  the  expo- 
nent, 1 < -n :l :*.  to  a si  v-i  f leant  shift  in  ionisation  equilibrium. 

V.’lth  U,c  1)  -hye-Hueckel  method  it  is  possible-  to  calculate  the  correc- 
tietin  f'..-  i ■ : h i"iy:  a- i e fun-t  inns  of  the  i on  1 red  gas,  stinu- 


l'ite-1  I 1 !/■  f-  Li  I ' ;i'.< p.'e't  :n:i. 


I 


r 

\ 

! 


As  is  shown  In  131 » Tor  a sinrly  ionised  nan  the  connection 
for  pressure 


P. 


2 rnr  .* 


and  the  correction  for  the  ioni sat ion  potential  in  expressed  by 
the  forrula 


Al~  l' 


V-  • 


However,  we  shall  use  this  calculation  only  In  the  rase  of 
very  slirht  non  idealit  y of  a ras,  when  the  Debye  radius  is  larre 
in  comparison  with  the  mean  distance  between  particles , which  is 
expressed  by  the  condition  131 


n 


1,10.10'i'  ?'-'}%«  % 

\ I 


(3.19) 


where  2 is  the  particle  char  *e . 

Hence,  it  follows  where  T - PO.OOO0  K for  the  applicability 

of  the  Debye-Hueckel  theory  j t is  necessary  that  the  particle  eoncen- 

tratiori  bo  reach  less  than  10  cm"-3,  while  in  a plasma  discharge 

X 8 1 Q O 

the  charged  particle  concentration  reaches  10x  — 10jy  cm”  , which 
makes  this  approach  unacceptable.  It  Is  possible  only  to  say  that 
the  values  of  the  decree  of  Ionization  of  a hydroren  (or  oxyror' 
plasma,  riven  In  Table  3.7,  are  somewhat  understated  due  to  the 
fact  that  the  reduction  in  the  ionization  potential  was  not  considered. 
This  factor,  however , is  not  significant,  for  the  hydrodynamic  theory 
of  a d i schar , develop'''*  later,  in  view  of  the  fact,  that  the  contri- 
bution of  ionJ'utjen  ••nor  y to  the  enorry  of  a unit  volume  of  plasma 
is  ner hi  *ibiy  s.-.al?  , nr.  we  shall  now  see,  and  therefore  errors  in 
cal  ml  at  !»  * t «»,•  -«•*».•  '■!'  Jon  I mV  ! on  do  not  influence  a calculation 

of  ‘ h-*  * n*  ••’  l • •••..  - . 


V, 


Part  of  the  atoms  and  Ions  are  In  an  excited  state,  and 
their  number  n*  Is  determined  by  the  Boltzman  n formula 

a 


*•!*•  " K/F.t\p(~  fkT), 


<3.20) 


where  r*  and  are  the  statistical  weights  of  the  ground  and 
excited  atomic  levels. 

The  total  number  of  particles  In  a unit  volume  of  plasma 

n * n„  + n,  + n * n„  + ?iv  , since  in  the  case  of  sin~le  Ionization 
a i e a c. 

n,  ■ n . The  Intrinsic  enerry  of  & unit  volume  of  a nlasna  forr:ed 

Jo 

In  the  case  of  a diseharre  in  water  is  composed  of  the  kinetic 
enerry  of  the  t rnns  Jati  on  a l notion  of  particles  wk  * 3/2  (nfi  + 2ne>l:T, 

the  evaporation  enerry  wevap  * 5 l>evap.  where  Deyap  . Q0^  eY/ 

noli*;:  - 1.0 5.  i/r.ole  is  t he  evat.  oration  enerry  of  a water  molecule; 

Pd 

the  d'  sc.'  ci nti o-i  .■'nermv  v; , * n : B,  is  the  dissociation  enerry 

d ?>  ’ d 

equal  to  lOeV/jr.olecwle ; the  ionization  enerry  * nel » where  I is 

the  Ionization  potential  equal  to  13-6  eV  for  hydrogen  and  oxyren; 

the  atomic  excitation  enerry  w * n*I  : the  Ionic  excitation 

exc  a exc 

enerry  w ’ ■ n * f ’ 

L - . exc  i exc 


»*  + «’«  + *«  + 


(3.21) 


The  magnitude  of  the  different  terms  of  this  cum  in  relation  to 
temperature  Is  shown  in  Fir.  3.19  for  a pressure  of  p = 500  atm. 

IJerl  i -l  !y  small,  exc 1 ta1  inn  enerry  values  arc  not.  shown  on  the  rraph . 
As  Jr.  re< mi,  the  «n ler  <»"  n unit  volume  of  nlar.iaa  basically  is  com- 
posed of  tV'  1. r 1 5 ty:'t  1 part  icl*  motion  enerry  and  the  dissociation 

turn-  y . 'if  jo:i:"mi  ion  om‘t  y pr-.v  Id.-;;  an  i nsl  nil  f I c.ant  correction. 

'i’lr 1 ’■  n of  Miri  ?•■■■■*!!  ni n:*  is  nerlirlbly  small  . 


Fir..  3.19.  Dependence*  of  the  energy  density  of  a plasma  on  tempera- 
ture . 

Therefore,  In  practice  the  Intrinsic  energy  of  a unit  volume  of 
wafer  plasma  in  the  area  of  temperatures  corresponding  to  the  first 
ionisation  of  a'  or.is  be  calculated  according  to  the  formula 


~ nliT  |-  n -~ 


+ nj. 


(3.22) 


inhere  n = n..  + ?n  is  v.ht  total  isunter*  of  particles  in  a unit  volume; 
D , is  the  molecule  di  ssociati  on- energy ; I is  the  ionisation  energy . . 

For  an  ideal  gas  the  intrinsic  energy  of.  a unit  volume  is 
expressed  by  the  formula 

Wz"lJ= 7*  (3.23) 

v.’here  y = c /c  = 1.66  for  a nion atomic  gas. 
p v 


In  the  case  of  a plasma  this  ratio  proves  to  be  variable, 
though  its  variations  in  the  pressure  and  temperature  ranges 
of  interest  to  us  are  small,  which  makes  it  possible, as  usually  is 
don--  f3),  to  ■}.  ntrcduce  a certain  effective  constant,  y,  approximating 
the  real  value  or  this  quantity.  The  mean  value  of  y in  the  range  of 


fr 


J I! 


to  JPf>o  atm.  and  temperatures  from  15,000  to 
;ri  as.  this  ePtWu.ive  y.  These  valuer,  are  given 
■ value'  of  y , as  is  seen  in  Table  3.8,  prove  to 
'•v1  f 1 . P6.  '’’ips.  vahi"  also  will  be  userl  below 


f ' ‘ 


* I 


It  Is  Interest  In,*  to  note*  that  whore  y = 3.26  the  energy  of  a unit 
volume  of  plasma  exceeds  the  enerr.y  of  a unit  volume  of  a monatomic 
Ideal  ^as,  at.  the  same  pressure,  hy  mere  than  three  times. 


Section  6.  Kinetic  Coefficients  of  the  (las  in  the 

Discharge  Channel 


now  .hill  estimate  the  ItlneMc  coefficient.?:  the-  coefficient 

of  electric  f'n.'jy-tivt • »•  and  t.b-rrril  collectivity  of  t!i'>  pl.ar-.a  in 
il,  a ar,  * charnel  , rni  tll.>  eh'  coef  cl.es?*..  s of  t hemal  condv  -- 
tlvity  in  the  transition  layer  i.et  v.ven  ;\!n.-:n  aid  ;mtr-r.  '."he  iv  f.  is- 
let.rr  of  fir-  r 1 asma  is  one  to  Mr-  '‘ol  1 1 s.  * ; of  electrons  v.llh  ‘I  or.  3 


n r : ■■■:■ 


03  - • ; -i  i'f 1 


■ . li.e  ? W/w  t-.*  u.-on  th-  se  collisions  may  h<- 

'i;‘n-;  to  the  for;.- cl  a.-  131: 


f ^ In  A 

^ ^ 1 T*t*  * 

T.l  '# 


(3.2/0 


-7“  ~ 


(3.25) 


v/here  n^,  riQ  are  the  nutlc-rs  of  ions  and  atoms  in  ctr\  Z is  the  ionic 

char;  e;  v,  s‘  (BkT/irn^)^  ^ is  the  mean  the  rmal  velocity  of  an  elec- 
tron: o is  the  electron-atom  seal tori nr  cross  section.  We  no' e 

C r* 

that  formulas  (3.?-'l)  and  (3.25)  differ  from  formulae.  (3.12)  and 
(3.33)  only  by  the  absence  of  a factor  equal  to  the  ratio  of  the 
mass'--.;  of  the  (I'-ct  -cn  and  fh'*  atoii;,  conr.i»,ei-iri»*  the  fact  that  a 
rrcat  numh'-r  '■!  collision:;  is  necessary  for  a slr.nfi  emit  exchange  of 
c-iier;* l - tvie< -o; i '.i’.'-m  uart.ie  . 


h i«-  3 . «i  » ?-•  r tn--  ?.  1 l-.-d  vc-  n i «-  ] . • <•'<  1 1 i r. ; one , ca  1 <;u- 

la<  ‘ : a.-cr  ••■!  i i.  Mi-  f- -r  ;:i 3 a n , for  l yr  I---.  1 1 er.i.ern!  ur.-s  and  con- 
cent 'if  r>  1 asm. a ’ r -i  dir-.cfi  chann'-l  *n  -i  liinfd.  s.a:v 


«0=»  0,8tM0»  0,2-JO-o  f.ie-M 


table  rout  .1  In:-,  tic  val  ucc  <>f  the  oM't'd.l  vo  crus:;  sections  of 


Coulomb  nil  1 Is Ion::  wh! eh» wi  1 h the  aid  of  formula  (3.?*0  and 


the  usual  re] vt  1 unshin 


■y- 


my  bo  <*>:t  "e."-:?  .1  by  the  formula  l i] 


3,,-s  1.2-10 


(3.20 


Unclear  elect  rou-nte:-.  re:'  '.'-rl nr  er yeei  Ions,  tak*  ?i  fro:r. 

(.),  a!.;  uc-  1 .•••.*•  ’ n l r • • { V . 11  is  rr1 'try  4 <::hs! 


C?!  .1  c*u  i ■< 


: \ l: d * :i  * **» : 1 • ; i r: 


rr. * :r* * r»* 


! • ' • r 1 1 4 V-  er*J-  :•  of  mm!  4'u*J<:  cf  *b--  val"' :• 

••the]  ess , 1 he  del  a presented  In  the  table  rive 


. i , .•  i ;;i  7 - ' m 


Moi-'-over , J 4 is  !'r  :• 


7 .•  - i ■ - t • r ... 


t > i co)]  luloyio  "if  ] #•«■  c* f- )■* '■  i ; 


; '1  ’ ri*>'  4 ?.-  • ' !*t!c*f*  Of  Vl'l-Tll4 


it;  r'.r.rr.e  of  ••ooeenl  re;  ; arid  ; .neratu:\  s of  li.torc3t  to 


us,  in  r vy . lo"’  ran  collision:?  v.4 1 1 h ions  will  take  place  more 
frequ'"  ly  tour,  v;  1 th  atoms. 


!’y  kruv.-rl r 1h-  frequency  of  collisions,  It  is  easy  to  deter- 
mine the  '.b*  f r>  conductivity  of  the  plasma.  The  general  formula 
for  conduct  t vJ  ty  i , a r.  the  fori:.  (8) 


(3.?7) 


4 f ) r'  f * r ? I ? «•  i < } . r • J 


chur/y;  v(>  I r.  the 


of  .'iffi.r'M,;;-;  1 * i I ci!!  , e is  the  electron 
of  .-in  o h-ci  j-o*. ; t*  is  Uie  time  between 


col  | ? ;■  i o:'  leciror  v: ’th  in*:.".  • ne  neutral.  atoms. 


1 l.i 


(3. 


colli :: Ion  of  electrons  with  ' nnr, , then  the  formula  for  conduc- 
tivity 1 ;5  somewhat  more  prod  so  than  that  obtained  in  the  ca3e 
of  the  direct  substitution  of  (3.2*1)  into  (3.?Y)  (takinr  account 
of  electron-electron  collisions),  obtained  by  Spltscr  [9)  (see 
also  |3i ) , and  lies  the  for?* 


— — 
n,,-2.t.l.W,(Z)  ^r~  - 2,38.10V(Z)^( 


(3.?9) 


whor**  ’•  is  the  r.urlielr  char 


_» 

3(*T)*_ 


J.  JL 

2(4.1)"*"  ZVn,  * 


Hut  if  T(i»  th£t  the  resistance  cf  the  plasma  is  due 

to  cel .!  ’ . ’em*  t •'  i atoms  , then  the  formula  for  conduc- 

tivity h':o  t.V  f O I I 101 


'In  ” O.r.i 


*\  1 

JL  »3, 

* 


(3.30) 


In  thr  general  cose,  as  is  seen  from  (3.27)  and  (3.28),  inverse 
conductivities  are  added. 


The  dependence  of  r\  on  temperature  in  the  case  cf  pressure 
of  900  and  700  atm.  is  shown  Ir.  Fir;.  3-20. 


A 

if  the 
oqua  1 
1 , in 
; 1 1 fin-. 


mrnofie  fF-ld  influences  the  kinetics  of  the  electrons 
fr.  quency  of  elect  run  rotation  in  a magnetic  field  u = el! /me 
1 1 j ■ • f?w?qu<-nev  of  collisions  l/i,  that  is,  if  on  is  approximate! 
otter  word:;,  when  an  d'-efron  succeeds.  in  perform :!  nr  a si'1- 
n port  1 f s.  orl-l !.  -heviri  • t»,.»  time  between  coll  i sinus.  But  if 
i.'-.,  th-  (v . I'l  1 1 on;  ■.  lis.turl)  r-o?  ion  nlo.r'  the-  orbit, 


tilt,-  infill-net'  i>r  a i-i.'i  ai-M  .1  e field  Id  In:;  I.nil  ficart . It  is 
precis-ly  this  case  tint  takes  place  usually  in  the  plasma  of 
elect  i*i cal  d i c eh  lives  In  a liquid.  In  fact,  u * ell/nic,  H 3 2I/rc. 

WIk  f * j’  lO^a,  r * 1 cm,  II  -»  f'*10^c,  ut  * 103^  seci-3.  Accor- 

_ 1 /; 

dl;.*  to  the  data  in  Vahle  3.9,  T * 10  sec.,  consequently, 
ut  --  10"\ 

"he  i a f I * ; ' noo  of  a rarnotlr  field  also  Is  man  1 fasted  in 
1*.  : v.  1 u ■ a skin  layer.  d*  rhh  cf  pc  net  rat  *-  on  of  a 


1><  j-v-nd*  of  pl'i'U::'! 


Fir. 


"j  a o 
> . i .‘j . 


conductivity  ori  temperature . 


The  conduct  ivity  of  t he  plasma  in  a dl ::  charge  channel 
usually  amount.::  t o 10***  see"’*.  Then  the  ratio  of  the  thickness 
of  the  skin  layer  to  a channel  radius,  equal  in  order  of  magnitude 
to  1 cm,  is 

.1. 

',-,’e  nete  that  the  possibility  of*  ’-.norinr  the  skin  effect  at  the 
sr-.::.c  si.  :;- ft  c,  a:.  ;.*as  ::.nli r.ed  in  111],  that  the  r.a- turtle- 

pressure  is  small  In  comparison  wii-h  the  ran  dynamic  pressure  in 
tin  cl.annrJ. 

In  fact , since  a s 1 • nt :*! rant,  part  of  the  energy  released 
In  f h 1 hi  the  fer-i  of  pottle  hc-at  .*oes  to  increase  the 

Inf  r ’r.s  I of  the  ras,  and  the  density  of  the  intrinsic 

eneo.-v  in  ord* r of  magnitude  is  equal  to  the  ras  dynamic  Drecsure, 


,*  f _/•/ //’  J>: 

P "«l 


hence , 


//»  -J? 


(3.32) 


and  therefore  it  Is  possible  to  1 more  the  influence  of  magnet ie 
pressure  when  the  Influence  of  th°  skin  effect  is  not  significant. 

Actually,  a direct,  estimate  of  the  amount  of  mannetic  pressure 
rj  ves  the  fol  1 ou  t nr : 


v.’here  T ~ A’Jf)  'a,  K(J  " 1 cm,  ii  ' B'  10  V,  and  r - ?.0  atm.,  which 
actual  !y  1 ::  r.nal  | in  comparison  with  the  ran  dynamic  pressure, 


eqir.i1  to  10 1 at  in. 

The  c noTi'y  transfer  In  doctrinal  discharge  channels  Is 
pnrToj-i  !,*u  bv  a*  (or  Ions),  elect  pons,  and  photons.  These 
processes  are  e‘r. ract.er!  re:*pe*t  1 vely  by  the  coefficients 

of  r:n-  kinetic,  electron,  and  radiant.  th*  Trial  conductivities  (1,  101 


Kgk  *-» Ln*n 


(3.32) 


v“.  !._  « (pa.)  Is  •»,-  I'1.-  . : • h leu  t.h;  v » (,5»:T/.  :;)  1.5 

\ ■ v an  the  i-  \ • I or  * i v i.”  r*.  ato-i;  p 1 s the  < as  density:  cv  is 

• . 1 !.  • i y ,.<•  u . : . .■  | ,, • ; n Is  * ho  p:;-.:  • r ■■•••  i • w- 

t/icl*.  in  1 v..  n !:.  U?w  nude-*.-  sc:. tier. In.:  cross  of 


K.i  ^ tr<>  *ee-em.**9f  , 


(3.  Vi ) 


where  Z is  the  Ion  chatve;  In  A is  t he  Coulorb  logarit  hm;  t.(")  .1: 
a function  weakly  d**r.<-  ad'-nt  on  ?.(1)  - 0.95;  C C f* ) * 1.5; 
id)  - 2.1; 


N, 


(3.35) 


wh'Te  Zf>  is  the  rasse'J.and  1 1 ,-ht  noth;  o 
Is  i Stephan  !;ol  tra.un..  constant. 


_ r o h 

5.67*10  oi*r/cf;i'  * sec  *de;*  - 


J t.  is  necessary  to  p!nr;’:*e  that,  t Ik  rad  1 *it  i on  transfer  !s 
of  t li  ii'iuiit"'  •)■'  i li* I ■'(  i . • : ■ i , • ! ‘\ity  in  t.h"  case  wh-  re  the  radia- 
t !•  ii  -ii  J-nsity  at  • *..*!.■  i'-mi*  is  cl  t.<>  eni: 5 i i lei  u-i.  !•'<  r 

'his.  i • :*.  -sa.'V  thv  t.l  pn  ‘n  ef‘  t.h-  radiation  path  ’ !>■ 


small  in  eonparl son  with  the  dimensions  of  the  heated  area.  The 
path  length  la  expressed  by  the  formula  13] 


/.~0,9.|0»J£- eTT, 


(3.36) 


■3 

whore  n Is  the  number  of  atoms  In  1 cm':  I in  the  ionisation  poten- 
tial of  the  atoms;  7.  ••  1. 


If  t he  path  1*  i t h l canals  or  is  rreater  than  the  dimensions 
of  the  h<  a ted  area  , the  radiation  Is  no-iequi  1 Jbrl  uri  arid  freely 
ti-'sses  fr* > > the  entire  volume  of  the  heated  area. 


As  is 


‘ r, 


Where 

l - l e 
c 


=ii,, 

i.  -*  • J 


10 


path  Jer.rlh  Z,  strongly  depends  on  temperature. 

>,  n - 10^*"  cm*  in  hydrogen  or  oxyfr-n  (I  * 13.6  cV) 


•V, 


' 10 


t: 


, * 


l 


- 3 0”*-1  cm. 


The  character’ 
since  the  mechanism 

charge  channel. 


tic  channel  diameter  Is  usually  around  1 cm, 
of  radiant  thermal  conductivity  may  act  in  a dis- 


Let  ns  compare  the  coefficients  of  thermal  conductivity  result- 

1 ?o  —a 

inn  from  these  three  rrochanl rr-s.  Where  T * 20*10J°  K,  n * 10  cn  ’ 

K c 

In  hydror.c  n,  k * 1.5*10  erp/cm*  sec • dep, , * 5’1°  err, /cm- sec  • 

g 

dor*  i j **  2.U-10  erp/cm- see -dop.  Thermal  conductivity  leads  to 

equalisation  of  the  temperature  inside  the  channel.  This  process, 
as  Is  known,  (see  131),  Is  chnrnctori  sod  by  the  spatial  scale 


*>  ' 2 v^Xt,  Inci  leati  no  the  <i  I amotei-  of  the  area  heated  after  the 
time  t ; X is  the  crvfTj c lent  of  therwal  diffusivity . 


the  coeffi  c V-rit  o'*  thermal  diffusivity  is  opproxi- 
‘ o Ur'  -■f  f I r * “nt  of  d i iTur.  i on  of  the  atom:; 


• * 


where  l Is  the  len>:t.h  of  the  free  path  of  an  atom;  v is  Its 


mean  thermal  velocity. 


Similarly,  the  eoeff Jc 5 Mil  of  electron  thermal  diffu- 
sion y ray  ho  estimated  aecordi  n*-  to  the  formula 


X.i 


(3.33) 


v,!  « *:.  • he  • v m t'r.evrrl  velocity  of  an  electron;  l 1 v the 

■ ■ • e 


!.'•  * >'  r,  •*  *,  t ».*  C*»  , 


path , 


of  rad  la. -.t  thermal  diffusivity  xc  is 


X.  - *v  I ' fft4  . 

I 


(3.39) 


As  Is  In  con4- rash  to  the  coefficient  of  thermal  diffu- 

sivity  In  .ar-  s,  mol<  eulc-s  are  the  ener.'.v  carrier,  the  coef- 

ficient of  radiant  thermal  diffusivity  is  not  simply  equal 


to  the  coefficient,  of  radial, ion  diffusion  l but  contaii  s 


another  factor  equal  to  the  ratio  of  the  heat  capacities  of  a unit 
volume  of  radiation  and  matter.  The  cause  of  the  appearance  of 
this  factor  Is  the  fact  that  in  the  r.iven  case  radiation  plays 
the  role  of  thrt  carrier  of  cnorry  from  such  sections  of  the  rtas 
to  the  others,  thus  causing  heat  in;:  (or  coolinm)  of  the  matter 
13). 


Wo  shall  jiov;  nrcsorjt  thf>  values  of  the  coefficients  of 


thermal  diffusivity  and  the  scales  of  the  heated  area  for 

typical  . os'!  i 1 1 ojiS  in  a d Ire-ha r.y>  channel:  T = 20,000*  K, 


i,  = 1 ft'  ° cm  as. ’ j ■■  i i:  ■ 1 hat  i.h>  di  r.rharre  duration  Is  If)  * sec 


* ^ f ....  .t 


1 • t * # •’ '7 } — ( , *vO  Pr,r¥  **  *n  v/  v h'lVt' 


(3.4o) 


SS  I'lC  Id 

Jt„  ss  10cm’  »*e, 
X*  « 10' ««•*/••*, 


figk  c :>■  10',cm1 

rsf 

A,  si  2 cm. 


As  i a cm«;i,  I thor:  ul  conductivity  provides  for  rapid 
equalisation  of  {.!.■•’  t-«* v.t >» • rv  t:u:v  Inr.I'do  * ho  channel,  which  makes 
it  possible  It'  *.  >11.',  l jo  >•  t ho  ;>l  ■>  jri  of  the  channel  to  be  uni  Torn 
in  on  approx inn  we  >*>.  mi  rvw 1 on  of  \ he  dinehurgo. 


’-it 

the  surround 
Which  dress 


Ci  i:')' 


Pi 


in  th:  t runs 
lively  cold  ai 


t ho 


uni 


• o;  u 
-e  hoe 

jl  ov;  U 


uo  V e a * *'j  i * he  char;!'.'  ! is  set s: rn tori  from 

r.  • by  r.  ‘ rmsi  ‘ * on  layer,  the  temperature  1:. 

i*e”  rove t.'-ns  of  thousands  to  several  hundred 
;s  ;c  3 at  3 on  o '*  newly  ''venerated  molecules  lakes  place 
t layer.  The  ran  in  the  transition  layer  ir  relu- 
LiiJivforc  ir.  transparent  for  radiation,  and  the 

’.ai:or  place  due  to  thermal  conductivity  fro::; 
cent  re  ! rr  of  the'  channel . In  addition,  tomb'1 


il 


kinetic  mechanism  of  boat  conductivity,  a 


sm,  connect  ed  with  who  transfer  of  dissociation 
energy  by  molecules , acts  in  the  transition  layer.  Atoms  which 
come  into  the  cold  layers  recombine,  releasing  dissociation  enorry 
and  the  molecules  which  strike  layers  of  higher  temperature  disso- 
ciate, thus  absorbing  energy. 


The  coefficient  of  thermal  conductivity  of  a diatomic  gas, 
resulting  from  such  a mechanism,  is  calculated  in  15,  If]  and 
approximately  is  expressed  by  the  formula 


*d 


/)*(*  -3*) 

*.  JL 

d-J:r 1 


^n- 


rfi  i-d. 


(3. 'll) 


v is.  lb-’ 

>i 


d i • 


'•..as.;;;  D Is.  the  dissociation  energy;  <t  is 
■t  i,  a;  d-j,  b,  are  th  • atomic  and  molecular 


The  cool'd  cl  nil  of  dlsr.0clnt.J7c  thermal  conductivity  has  a 
maximum  at  the  temperature  where  half  of  the  molecules  are 
dissociated.  Tts  value  In  the  area  of  the  maximum  exceeds  the 
value  of  the  coefficient  of  pas  kinetic  heat  conductivity  by 
several  times. 


For  example,  in  hydronen  T * 7,000®  K,  p * 500  atm. , 

20  -3 

n * 5*10  , where  n is  the  total  number  of  particles  1 ri 

If 

10  err /cm*  r.ec  *do  *. 


In  water  vr.r or, 


1 en3, 

* * 7-10 

a 

k 

er 

<:/ cm  • rcc 

•dor. 

* 1 * 

fk 

In 

oxy  ■ 

:**»  v «.  b. 

000® 

K,  p * 

50C  n 

• rn,  n * 

err 

- / j « 

sec • dr/. 

V* 

- 3 * 1011 

crVc 

H*  s^c ' i 

no: 

i ! 

t • Vo  the 

dot 

:•  in  [6J 

, 11, 

fj  piixlr. 

ei'd/c:.!* 

see  * do/. 

5’hc?  y-c  ] at  * ensh 1 of  • h''-  one  ff lei  oi-f  s cf  dlsr.ee  j ••  ti  vo  and  ."-.a 
kins tie  the: :.c- 1 conduct  ivlty  becomes  clearer  If  we  bear  in  nlr.d 
IV.'-.V  the  va.lu-  of  the  coefficient  of  dl:  .-.uoiatlvo  thermal  eer.Sustivi 
may  be  estimated  according  to  the  standard  formula  * * (l/3)lvcvd> 

if  cyd  Is  understood  as  the  heat  capacity  of  a unit  volume  takinn 

account  of  the  losses  of  energy  in  dissociation.  Consequently, 
the  ratio  * dA f„  - cv(j/cv«  where  cvd  and  ay  arc  the  dissociative 

and  peas  kinetic  heat,  capacity  of  a unit  volume. 

Bearim:  In  mind  that  c = (?,n.)  , and  w - ^ n , where 

v \ or  / j.  da 

the  dependence  of  r.  on  temperature  is  determined  bv  formula 

a * 

(j.l6).  It.  Is  possible  t.o  obtain  that  ~ 10-3  (D/kT^, ) where 

Tp  Is  the  temperature  at  which  the  derive  of  dissociation  is 


close  to  half.  ,nii]s  1 
Table  Is  s 

■ !)<•  so-  ff ",  •:  i • of  d i 


•v  norat  in 


e , <!’• 


1 .. 


j.Jy  war.  mentioned  above 


•.■I!  in  co--, pari  .-0:1  "tii  h/k  which  also  causer, 
so-  i -it  5 vc  thermal  co- .dust i vit v to  exceed  the 


coefficient  of  .:as  kinetic  thermal  conductivity 


The  value  of  the  coefficient  of  thermal  diffusivity 
both  in  the  care  of  far.  kinetic,  and  in  the  case  of  dissociative  ther- 
mal conductivity,  is  determined  by  the  coefficient  of  molecular 
diffusion  (ref  formula  (3-7))  and  equals  0.  f|  erf* /see  where 
T = 0,000*  K,  n « 'J00  at  n,  n = 6*10?0  cm-3* 


In  conclur 


on  let  us  consider  even  colder  layers  of  the 


f*  • ;»  M » 1 


v.'itei  vapor  is  not  dissociated. 


The  coefficient 


of  thermal  difftiOivity  in  these  layers  is  less  than  in  the 
r -re  h-  't  el  ones.  Thus , for  example,  accord'*  nr  to  the  data  In 
[11],  the  thermal  dif fusivl ty  of  v:at or- vapor  x - 0.7*10-3 


n 

Qp,“  v*?2*t?i*£*  ~ £*^500® 

c - VIC^  cr v.h 
X = 0.7*  It"3  erd’/ioe.  v 
fro-;  to  fUo*’  K (roo 


K,  p » 300  atu,  p » 0.175  ;■*/ c i.i 3 , 

■•re  T = 7 0 0 0 K,  P * 100  atm,  p = 0.33  f/ern3 

in-ally,  in  water,  in  the  temperature  ran~c 

'> 

temperature)  X = l.ft‘10  cm*' /sec  and 


tl . 1 0 * 1 o”7 


err/K*  do,1:. 


Section  7 Temperature  of  the  Plasma  in  a Channel. 
Energy  Balance  Equation 


The  temperature  of  the  plasma  In  a channel  usually  is  deter- 
mined experimentally  by  the  optical  method.  Assuminr  that  a channel 
radiate::  as  a black  body  it  Is  possible. to  determine  the  temperature 
of  the  matter  in  it  accord  I n.>:  to  the  relative  intensity  of  several 
sections  of  the  luminous  radiation  spectrum.  In  practice  such 
measurement::  ai--  perf  om< -d  in  tlio  visible  part  of  the  section, 
correspond-;!!?*  ' f>  the  re;;  ion  of  water  transparency . 


Vh**  r:<'a:-,ii:-  .-id  p'-rfor-ned  in  [I'l-id]  ;-.liov;ed  t.Jrd  in  the  case 
fl ; s -'I'ove.:  in  a 11  quid,  in  which  several  kilojoules  of  oner.V 


are  released  during  tons  of  microseconds,  the  temperature  in 
the  channel  is  in  the  area  of  the  first  ionisation  of  atoms 
and  is  approximately  15,000-25, 000*  K.  The  radiation  spectrum 
proves  to  be  Plnnokian,  that  is,  corresponding  to  the  emission 
of  an  absolutely  blaelc  body. 

The  plasma  temperature  also  may  be  estimated  according  to 
measurements  of  the  electrical  reslstanc*  of  the  channel  if  the 
radius  of  the  channel  and  the  pressure  in  it  are  known.  • Actually, 
by  knowlrn"  the  resistance  of  a channel  and  its  radius,  Jr.  is 
possible  to  determine  the  conductivity,  and  this  "value,  according 
to  formula  (3.29),  basically  is  determined  by  the  temperature  of 
the  channel  and  only  slightly — logarithmically — depends  on  the 
electron  e on eer. t rn r i on . 

A rreph  of  the  dependence  of  conductivity  on  temperature  is 
shown  in  Fir.  3.20  for  .'ever;.  1 values  of  the  pressure  in  the 
channel.  Fy  using  this  graph  it  is  easy  to  solve  the  inverse 
problem — 4 o del  crmJ  no  the  temperature  of  the  channel  ace  ending 

to  its  conductivity  at  a given  pressure.  Estimates  of  this  type 
were  performed  in  [17]  and  led  to  results  which  agree  with  the 
above-mentioned  results  of  optical  measurements.  Thus,  for 
example,  for  a discharge  no.  8 (see  Table  3.3),  in  which  3»10^J 

i -A 

was  released  in  a channel  i » 7 cm  in  length  for  t * 10  sec 
the  temperature  proved  to  be  approximately  equal  to  15,009®  K. 

Thanks  to  the  high  particle  density,  the  heated  plasma  of 
the  discharge  channel  is  art  intensive  light  soiree,  radiating  as 
an  absolutely  Mac!:  body.  This  circumstance  opens  the  possibility 
of  using  electrical  discharger,  as  high  intensity  1 i ght  marges 

[18,  19). 


The  amour'  of  o J"-r  —.—t?  vy  luminous  v;  it 1y 

.i  •p«'-i:d:*.  c;.  *.!<•»  ' • •'  1 t v n.  ; r.  r.r  n 1 1 :'u  ft 

core  of  t.e  i i. u-..  •:  v g.,!..f  Oe  , b,:*;  )>■  oo~K  ::  •*  1 m i f nt  ey.  /i 


discharge  No.  8 (see  Table  3*5)  experimental  data  and  theoretical 
estimates  (see  Section  2,  Chapter  III)  show  that  the  characteris- 
tic radius  RQ  of  a channel,  the  form  of  which  is  close  to  cylindri- 
cal, is  equal  in  order  of  magnitude  to  1 cm.  Assuming  that  the 
plasma  temperature  of  a channel  Tgj,  * 15,000°  K and  that  the  mean 
radius  of  the  channel  is  Rq/2,  we  obtain  that  the  energy  of 
luminous  radiation  is 

A/l’rad  ' 2a  Vy  j lsT„*~  «*>  J • 


Where  T f = 20,000°  K the-  energy  of  radiation  is  already  around 
1800  J.  However,  not  all  luminous  radiation  escapes  the  channel. 

In  the  case  of  tempera  lures  on  the  order  of  15,000°  K and  higher 
the  wave  length,  corresponding  to  the  maximum  of  a Planck  distri- 
bution, according  to  the  Wit-n  Lav.’  is  = A/T  * 2000  A,  i.e.  lies  in  th 
ultraviolet,  rerion  of  the  spectrum,  and  water  strongly  absorbs 

O 

luminous  radiation  in  this  region.  Thus,  for  example,  at  1500  A 
the  coefficient,  of  lighitfc  absorption  in  water  is  approximately 

1U1  cm  . Therefore,  only  the  visible  part  of  the  radiation 
escapes  the  channel,  and  a significant  part  of  the  luminous  radia- 
tion is  "trapped. " 


This  gives  some  basis  for  ignoring  the  energy 
removed  from  the  channel  by  luminous  radiation  when 
calculating  the  energy  balance  of  a discharge.  On  the  other  hand, 
the  assumption  of  the  trapped  nature  of  the  radiation  makes  it 
possible  to  perform  a very  rough  estimate  of  the  temperature  in 
the  discharge  channel,  which  is,  however,  of  a tentative  nature 
and  which  leads,  rather,  to  a clarification  of  the  qualitative 
picture  of  the  phenomenon. 

Actually,  if  we  assume  that  radiation  is  absorbed  in  the 
envoi  ope  of  the  charm- -1  and  goes  for  the  evaporation  and  dissocia- 
tion of  wat-r  particles,  then  the  number  of  the  particles  evaporni  ■ •<! 


. 1 - 1 ) — 


from  a unit  of  channel  surface  for  u unit  of  time  is  aTe^/D  * 
OT*IC/DK0,  wh-rr  T“f  - ^ t"  ■ D ls  the  <“«™i»tlon  enercy 

of  a water  molecule  relative  to  one  atom;  Rq  is  the  characteristic 

channel  radius  In  a discharge  plasma  an(*  there- 

fore T p * T.  The  total  number  of  particles  transferred  from 

m 

the  water  into  the  channel  is 


N « zT*xSlt!W\, 


where  S is  the  surface  area  of  the  channel;  R^  is  its  radius;  t is 

the  d-*  soh'iTTe  duration.  V.’ith  the  aid  of  this  relationship  it.  Is 
possible  to  express  the  intrinsic  enerry  of  plasma  in  a discharge 


channel  as  a function  <.f  '..••■mperature 

it* pL- 


mperaturc* 

tar  *n, 
t-r~ T-r 

s r> 
o/', 

In  order  of  magnitude  the  intrinsic  enerry  of  plasma  is  equal 
to  the  total  enerry  E released  In  the  channel  after  the  time 

IkiT* 

— ' x.c v 


Hence 


i 


mi-n/wi-s- 
[ sAi.V/i."  J • 


(3.*»3) 
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surface 

area  f> 

or 

a dischaiT.i 

the  bn:-.' 

s of  i 1 1 ‘ • 

r ret leal 

e: 

•.tlm.aton  r,r. 

cal  >'■  - 

hid-;  1 v 
‘ ' "r  ‘ * '• 

; Hjj 

* i 

fLy-<l  xr 

^ ii  | > 

dr  i" 

' » 

•*  ~ :i  - 1 ■ 

• ( 

t ,y 

i 

(X-rJj  Tf’r 

channel  may  be  determined  on 
experimental  data;  for  cylindri- 


**°l"  iThcrlca]  d i r. - 

( :\rr  Section  3»  Chnp1.fr  1H). 


- 1 * i — 


We  shall  now  give  an  example  of  an  estimate  of  channel 
temperature  accord » nr  to  formula  (3.43).  For  the  above  men- 
tioned discharge  No.  8 (see  Table  3.5?)  with  7 = 7 cm,  E * 3*10^ 
joules,  t = 10“,t  sec,  Rq  * 1 cm,  S = 2u7.Rq  formula  (3.43)  gives 

T - 1 . R • 3 0 ^ ° K.  It  is  interesting  to  note  that,  as  is  seen 
from  (3.43)  the  temperature  slightly  depends  on  the  amount  of 
energy  and  the  time  of  its  release.  This  circumstance  is  in 
qualitative  agreement:  with  test  results. 


On  the  basis  < f that  wh'eh  has  been  said  it  is  possible  to 
consider  approximat ely  that  the  energy,  released  in  the  channel, 
basically  roes  to  heat  the  matter  in  the  discharge  channel  and 
to  expand  the  channel  over  the  surrounding  liquid. 


In 


add 


i o r. 


to  heat 


matter 


proves  m be  the  case  that  the  energy  going 
s .-oncer  : ’sited  in  the  basically  comparatively 


uniform!  y 


ht-ated  port  cf  the  channel,  while  the  energy  stored 


in  the  thir.  surf-  ] ay - r is  comparatively  small.  The  amount  of 
this  energy  AE  may  be  estimated  according  to  the  formula  AE  ~ wS6, 
where  v;  is  the  energy  of  a unit  volume;  S is  the  surface  area  of 
the  channel ; 6 - PVx^  is  the  thickness  of  the  transition  layer. 
The  value  of  the  coefficient  of  thermal  diffusivity  varies 
over  the  length  of  the  surface  layer* 


First  let  us  examine  the  temperature  range  corresponding  to 

molecular  dissociation,  that  is,  T ~ 6,000°  K.  When  p = 500  atm, 
?o 

n = 6*10  the  coefficient,  of  thermal  diffusivity  in  this 

P 

area  is  0.4  cm' /sec  (see  the  end  of  the  preceding  section),  and 


the  energy  of  a unit 
org/cnr . Then  for  di 

rotors  l - 7 cm,  K 


n 9 

volume  :i  s approximately  equal  to  w~  -^«3*10 
scharg.e  Ho.  ft  (sec-  Table  3.5)  with  the  para- 


see  we  obtain: 


6 


10  ' 


cm 


.i  , t 


The  amount,  of  oinr.v  stored  In  the  colder  regions  of  the 

« 

surface  layer  also  Is  snail.  The  correspond Inn  estimates,  made 

for-'  t he  above-mentioned  discharge  v.’ith  the  use  of  the  results 

* 

of  t precedin'*  sect  ion  and  1 n format ion  on  the  thermodynamic 
properties  of  water  vapor  {131  show  that  In  the  temperature 
ran  re  T =*  P'jOO®  K,  5 ~ h-lO^en,  AE  *»  10  J;  with  temperatures 

of  T * 700°  a,  6 * 5 • I t)-IJ  cm,  AE  » 5 J.  Finally,  ir.  the  heated 
la;/i  r of  water  with  le.. par:. lures  of  T * 3r>0°  K,  6 * 7*10  **  cm, 
AE  * 10  J . 


of 
mr 
5 la 

for 


Thus,  It  In  possible  tc 
■■  matter  *.r  the  channel , 
;•  of  pn-‘  1 elf  r.  it.  11  , Is 
•.  '•I  11  it..-  it.,  th-  t.  r. :y 

(3.  "3),  is.  v?  = p/(y— 


consider  that  the  intrinsic  ener 
taiilnr,  account  of  the  increased 
d* t r.-rr.i ned  by  the  er.c- r~y  of  th® 
d-.n.-ity  of  which,  a c. cor dir,,:  to 

1)  where  Y * l.?6. 


•IF 

: ..«/ 


-he  v:e:-;--  of  r xnnn:- i ' r:  A is  determined  by  the  expression  /pdv 
r.It:cr  ‘he  «xraesion  ^ f 'he  eh'.::!  <■•1  as  a remit  of  heat i nr  is  nor*— 
1.1.;:' hi;.  small  in  comparison  with  the  purely  hydrodynamic  process 
of  expansion,  and  in  this,  sense  it  is  possible  to  consider  the 
channel  wall  to  be  Ir.pmetcrnble. 

The  equation  of  the  balance  of  energy  in  the  discharpe 
process,  therefore  acquires,  the  form 


J 

dt 


i>r  , do 

7-f '■  P~df 


(3.  »m) 


wh'-re  E(t)  is.  th-  rat.e  of  enorry  released  in  the  channel.  This 
equal. ion  will  ! -e  e/ami  ri"d  in  detail  in  the  loll  owl  rift  chapters. 


LITERATURE 


1.  KyxctKuu  Jl.  11.—  5KTtI»,  1900,  30,  umii.  2. 

2.  HoMe.tit.tta  II.  C.,  Ky.mttfaa  II.  A.,  Cneopifoti  10.  II. — }UT*I»,  1900,  30, 

BI4II.  10. 

3.  Slrjhihuiiri  II.  I!.,  Paiurp  10.  II.  <l>it:uiKa  ynapiiux  no.™  it  nuroKoroMiupa- 
rypnux  iiinponiina.Mii'iri'Kiix  iiii.iemni.  M.,  iu,ibo  •ll.iyn.i*,  1900. 

A.  MaK-;(t>iitt.ni,  II.  llp«ip<rcM  tf0.n(imi<riinii  u iiniiiiaiipunaiiiiMX  r.vi.u. 

M.,  n:i.(  mi  *M ii it* , 1907. 

5.  Lifhfhill  M.  J.  Fluid  MpcIi.,  1907,  2,  1. 

0.  fptKoaJI.  II.,  Mockviii  IO.  II.,  lto.v<ttn,'ic*  II.  C.,  •Pnanprnutt  O.  ft..  Ofimn- 
iimo  nmiirtna  iiPKOTopi.tx  raann  npit  x TP'inpparypax.  M.,  1'JOS. 

7.  A.t.ieit  It.  y.  Ai'Tpo'l'iiaritH'i.'iK-  ni-aii'intiM.  M.,  ll.'l,  190O. 

8.  Aptiu.viHWH  ,1.  A.  ynj'.Miaiip.Mijn  rt  pMi>n;iepimo  pcai.iptit.  M., 

1113,  1901. 

9.  Cimiu ’{•/<  .7.  'I'lianna  iio.’inorTMo  iioiiiirmpmtainioro  rasa.  M.,  in;i-no  *Miip*, 

iw;r». 

10.  n.  m.~  iiMT'i*.  ji«;r»,  .\% 

11.  Ilpaen urrtt it  C.  II. — I95S,  31,  iii.nl.  0,  1518. 

12.  Ham.it  p II. , /i/i.n.iiy  /'.  'IVii.’ioiipitiiii.imirTii  ininiiMt  rvia'iii  npit  xitMlt'ic- 

tKOM  patiMim'i  iiii.  t.o.  •■lljn.o.ii  'iiJ  ,-j 1 1 1 1 : * : ■ • 1 1 1 1 1 1 loioimo.i  'laCTii  pallet  Aaai.- 
lirri*  A!.,  11.1,  1959. 

13.  IViia'ooMiiiinvnint  rnp.mti'inm:.  V*n0.  niinn'iiit  ;yir  niiijioT.  n noairtrx. 
ny.imi.  M.,  l'ocaii.'pri.n  u..ir,  1957. 

iA.  iitimi  I'.  . I. — Omm.'a  ii  i in  i.'ipi . in  ui.a,  190.',  1H,  529. 

15.  Martin  A. — J.  Appl.  l'li>.».,  I90n,  ill,  255. 

16.  UtmniKn  A . If.,  Itapmue*  A . II.—  Ilaii.  ny.ion.  'I>ii  iiik.-i,  1903,  1,  112. 
il.  llofnfteA.il.,  llntje.t it.it  nr  I,".  .1.,  I’,  i If.  A . — II M l «l»,  I'm. 5,  .V?  A. 

18.  I.'orhi  II.  C.,  Martin  /.'.  A.—  Cimim.  nml  I’livlionio,  1 , 1,  7, S3, 

19.  //.  //.  Oerii'iioan,  U.  II.  lfoi>M"iii.‘KeKhu,  II.  M.  UteAmunc,.—  On:iii;a  u ciio- 
lapocicomiii,  19(55,  10,  umii.  0. 

20.  O.icKTpii'ipcKii.'l  uipiju  iipoi.  i.aiioi'iu.  M.,  lla.vixi  *M»p*,  1505. 


CHAPTER  JV 


HYPR0DYHAM1C  PROBLEMS 
OF  THE  EXPANSION  OF  A CAVITY  IN  A LIQUID 


Section  1.  Introduction 


Fro*,  the  ny  drodyna:  ;i 
nay  He  cor.cid'  re  j nr  n pr 
a flu 1 d . The  hy  a;1:  dyner  ‘ 
on  thr  ;-r  1 iit.  I c r;  I r bo  two 
the  K*r;-th  < f i disehar 
radius  th  ■ shararl 

the  n * e char  *c  e .ton. 


c point  of  view  an  electrical  dirchar.v 
roesr.  of  the  exr ansior.  of  a cavity  in 
•>  charnel  eristics  of  this  process  d ; 

■ n * h. spatial  scales  of  the  pher.w  r.": 
•«**  sup  1,  the  characteristic  char. ^*3 
oric'-Jc  wove  ler.rth  A * C0T ' v;^f‘r€  T 1 r 
j.*i  eontr  ion  v.ith  t hin  it  is  pcrr.ib'o 


si  sh 


c:. 
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The  first,  cf  then,  refc-rs  ‘o  the  situations  whore  R^<  A , which 
means  that,  the  rate  of  expansion  of  the  channel  Rq/t  is  small  in 
comparison  with  the  snood  of  sound  cr,,and  the  disturbances  in  the 
density  of  the  fluid,  caused  by  the  expansion  of  the  channel,  are 
insignificant . Amo nr  these.  In  turn,  it  is  possible  to  isolate 
three  cases,  ailowlnr  for  a simple  approximation  of  the  shape  of 
the  channel  and  dlstlnru.ished  by  the  relationship  of  the  length 
of  the  discharge  rap  Z with  the  remnininr  spatial  scales  RQ  and  A. 


3 f Ry<  A (ri;*.  .1  , a),  the  shape  of  the  channel, 

is  cl  os''  to  rods  ri'aal,  v.’htcli  nape.;  It  possible  to  use-  the 
spherical  mode ’|  calculation. 


evidently , 
si ; ipl  eat 


i J:  *'  l-'.'  f .1,  1),  it  is  no. :*:■  ry  1,0  consider  the 

e/te-p  < i f tii'-  i-:.a tsrv  l :*i  ce  1 eu  J .at  i a,*  the  h;."i  t\  dy  nan  t <:  values.  no* 
tie  d is  hus  •• , ,'iii  ■ : tc  ncousl  in  | » i » , 1 . of  view,  as  !•'  P' ' s , 


In  this  case  a model  of  a cylinder,  short  In  comparison  with  the 
wave  length,  is  acceptable. 

Where  Rq<$  \ < l (Rip.  *1.1,  o)  it  is  possible  to  use  a model 
of  n cylinder  lonp  as  compared  with  the  wave  lenpth. 

The  second  class  Includes  inodes  in  which  R,,  >A,  which 

u 

corresponds  to  expansion  of  the  channel  at  speeds  close  to  or 
exceed! np  the  speed  of  sound.  In  this  case  disturbances  in  the 
density  of  the  fluid  caused  by  the  expansion  of  the  channel 
become  intense  and  it  is  necessary  to  consider  the  compressibility 
of  the  fluid.  Here  also  it  is  possible  to  isolate  the  two  simplest 
cases,  when  a spherical  model  (K  \ < R ^ ) , and  a cylindrical  model 
( X £ 1 ) a-c  acceptable  (Fir.  *1.1,  d and  *1.1,  e). 

In  this  chapter  wo  sha 1 1 examine  some  aspects  of  the  hydro- 
dynamic  problem  of  the  expansion  of  cavities — spherical  and  cylin- 
drical— In  a fluid,  with  the  intention  of  usinp  the  results  ob- 
tained here  later  in  studying  the  hydrodynamic  phenomena  caused 
by  discharges. 

We  shall  be  interested,  in  particular,  in  the  pressure  produced 
by  a fluid  on  a cavity  expandin':  in  it  in  relation  to  the  mode  of 
expansion  of  the  cavity,  and  also  the  characteristics  of  the  com- 
pression wave  radiated  by  the  expanding  cavity.  In  addition, 
the  problem  of  the  pulsations  of  a pas  filled  cavity  in  a liquid 
will  be  solved. 

The  motion  of  the  liquid  here  is  assumed  to  be  iscntropic, 
described  by  the  system  of  hydrodynamic  equations  [1*  2], 


r*  •,  vVv  « — 


(*1.1) 


v -o. 


I 


and  the  equation  of  state 


'-*(£)■-* 


(4.3) 


where  A « 3001  a tin,  B = 3000  ntii,  n * 7 for  water. 


In  calculating  the  pressure  in  a mo v. inn  liquid  it  is  con- 
venient to  use  a relationship  representing:  a generalization  of 




1 

□ 

Fie.  4.1.  Dimensional  scale  of  the  cavity  expansion  problem. 


the  Bernoulli  equation  to  the  r.onsteady-st  ate  case  and  being;  the 
first  integral  of  the  Euler  equation  (4.1)  [1], 

M-  y»*  I-  —£•  =>/(0  = const,  (4.4) 

where  h is  the  specific  enthalpy;  v is  the;  hydrodynamic  velocity; 
<?  is  the  velocity  potential  (v  = rrad  q») . 

If  the  excess  pressures  In  the  liqui.d 
slot,  of  the  cavity  .arf-  oonpurn  ive]  y small 
change  its  density,  1 iien  h is  <t:  •proximal  oly 
'f>ia*n 


caused  by  the  o.'.pnn- 
and  i risi  rni  fi  can4.]  y 
1>/Pq  and  instead  of  (4.4) 


This  relationship  makes  is  possible  to  determine  the  pressure 
at  a given  point  under  the  condition  that  the  flow  of  the  liquid 
is  known,  that  is,  that  the  velocity  distribution  and  its  variation 
with  time  are  riven. 

We  shall  ignore  the  influence  of  the  viscosity  of  the  liquid, 
which  is  not  si gnificnnt  for  the  problems  examined  here. 


ooet'i 1 


Th 


e Problem  of 
of  Low  Rates 


he  Expansion  of  a Sphere  in  the  Cas 
of  Expansion. 


Let  there  bo  a spherical  cavity  of  radius  R in  a liquid  at 
rest.  The  pressure  in  the  surrounding  liquid  is  p^.  At  the  initial 
moment  t = 0 the  sphere  begins  to  expand  according  to  a given  lav; 


R(t).  Let  us  find  <-•; 
assuming  that  the  rata 
that  the  liquid  :..ay  be 


pressure  on  the  surface  of  the  sphere, 
of  expansion  of  the  sphere  is  small,  so 
considered  to  be  incompressible. 


From  the  continuity  equation  where  p = p0  = const  we  obtain 
the  following  formula  for'  the  velocity,  satisfying  the  boundary 
condition  of  equality  of  velocities  on  the  surface  of  the  sphere 

('1.6) 


where  r is  the  radial  coordinate. 


It  is  easy  to  obtain  the  velocity  potential  distribution  of 
the  liquid  rfi onr  the  radius  from  the  formula  (4.6) 


(4.7) 


I ' 


i.<  >w 
; i tv 


iii-.-  for 
7)  iru.o 


for  the  velocity  (4.6)  and  the 
mu! a ( 4 . L ) and  determining  the 


constant  entering  this  formula  from  the  boundary  condition  at 
Infinity,  we  find  the  pressure  distribution  in  the  liquid 


in'ii  + 2 h*n  IP  h* 

p-Pt^P* r P*~i — jt~  • 


(4.8) 


This  relationship  also  may  be  rewritten  in  the  form 


p-p*^  p»-4~ 

V » l nil*. 


(4. 9) 


Assuming  r = H In  formula  (}!.8)»  we  obtain  a formula  for  the 
pressure  P on  the  surface  of  a sohrre  expanding  according  to  the 
riven  lav/ 


p -a  ■-*(-? 


C^.10) 


V.'o  note  * ha i • i.  • srhor*  at  distances  of  r » R the  last 

tern  In  the  r?."h*  r emirc”  fcr:r:la  (1|.9) , resultin'*  fron  the 
presor.ee  of  the  nonlinear  ; erueull  I term  in  formula  (Ji.5)»  proves 
to  be  a value  on  the  sane  order  of  magnitude  as  the  remaining 
terns  of  this  formula  with  any  rates  of  expansion  of  the  sphere, 
however  small. 


Let  us  nov;  deal  with  the  compressibility  of  the  liquid.  The 
expansion  of  the  sphere  causes  a density  disturbance,  propagating 
in  the  form  of  a spherical  diverging  wave.  If  the  rate  of  expan- 
sion 'of  the  sphere  is  snail  In  comparison  with  the  speed  of  sound 
in  the  disturbed  medium,  and  the  density  disturbances  are  small  and 
consequently,  t he  pro;  arution  of  the  diverging  wave , may  be  described 
by  a solution  of  the  linear-  acoustics,  approximately  satisfying, 
the  bouriu.ary  condition  of  continuity  of  velocity  on  the  surface  of 

the  sphere  (11, 


where  V = (J|/3)  nR^  is  the  volume  of  the  sphere;  is  the  speed 
of  sound. 


Substituting  the  formula  for  the  velocity  potential  in 
formula  (*1.5)  we  find  the  pressure  in  the  radiated  wave 


P 


V 

r,  = p.  — ' 
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In  the  wave  sour  the  second  term  in  the  right  member  "of  this 
formula  is  negligibly  small,  so  that  relationship  ( ’» . 1 2 ) turns 
into  formula 


/>-/>• 


fo- 


4.*t  r 


(4.13) 


Near  the  sphere  at  distances  -of  r < cQt  formula  (4.12)  turns 
into  formula  (‘1.9)  obtained  in  approximation  of  an  incompressible 
liquid . 

The  radiated  energy  may  be  found  by  integration  of  the  energy 
flow  through  the  surface,  encompassing  the  sphere 

m 

\V,t  _ 4nr*\  dt. 

I 

V/e  shall  use  the  results  obtained  for  examining  the  problem 
of  the  expansion  of  a sphere  under  the  influence  of  a compressed 
gas  filling  it. 


Let  a sphere  of  radius  be  at  rest  at  an  initial  moment, 
and  the  pressure  of  the  gas  in  it  bo  greater  than  the  pressure 
pg  of  the  surrounding  medium.  Under  the  action  of  this  pressure 
difference  the  sphere  begins  to  expand.  Assuming,  that  in  the 
.■••pans ion  of  the  si.ii' rc  the  change  in  the  state  of  the  gas  takes 
* ]•  'el  ’ i 1 . v,’  r!  ■ ' n IK  fo ) I o*j  | r»"  connect  l.c>n  be< 


- I •"!- 


the  gas  pressure  In  the  cavJ ly  and  its  radius: 


P 


(4.14) 


where  y is  the  adiabatic  gas  exponent,  equal  to  the  ratio 
of  heat  rapacities  with  constant  pressure  and  volume. 

Substituting  formula  (4.14)  for  the  pressure  into  formula 
(4.10),  we  obtain  an  equation  describing  the  process  of  the  ex- 
pansion of  the  cavity 

*»+**-*W4r-4 

This  differential  equation  often  is  called  the  Rayleigh  equa- 
tion, first  used  in  approximation  of  an  incompressible  liquid  to 
examine  t he  problem  of  the  expansion  and  si -am ‘.nr:  of  a cavity  in 
a liquid  [ 3} . It  may  be  integrated  or.;.'  tine  if  R is  taken  as  an 
independent  variable  instead  of  t. 


Thus,  it  is  possible  to  obtain  the  first  integral  of  equation 
(4.15)  [4] 


(4.16) 


This  formula  also  ray  be  obtained  Indirectly  from  energy 
consideratl  oris . 


The  intrinsic  enrgy  of  an  ideal  gas  filling  a volume  V, 

W-gi  (4.17) 

t -,y  he  exp r-es.-.ed  as  a function  of  the  radius  of  the  cavity  R with 
! h-  ■ a id  eg  formal  a (4 . 1 4 ) 


(4.18) 
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We  shall  take  the  enemy  of  a liquid  without  a bubble  as  Kero. 
Then  the  potential  energy  of  a cavity  of  radius  R in  a liquid, 
equal  to  the  work  against  the  forces  of  external  pressure,  performed 
in  forming  such  a cavity,  is 

A - yv-l.t/f’.  (4.19)  * 

# 

The  kinetic  energy  of  the  spreading  flow  of  liquid  may  be 
expressed  by  the  following  formula  with  the  aid  of  formula  (4.7) 


it 

Then  it  is  possible  to  write  the  law  of  the  conservation  of 
energy  in  the  process  of  bubble  expansion  in  the  following  way: 

2 np'irip  -J-  */'.«’  1 «*  (/?) ---  .-t/',,//;  + ir  (/?,)  - £,  ( 4 . 21 ) 

where  E is  the  initial  energy  of  the  bubble. 

This  equation  which,  with  the  substitution  of  formula  (4.18) 
into  it,  coincides  with  equation  (4.16),  describes  the  motion  of 
a gas  filled  cavity  in  a liquid.  It  may  be  integrated  numerically 
under  given  initial  conditions. 

In  the  case  under  consideration,  -when  the  initial  gas  pressure 
in  the  sphere  is  greater  than  equilibrium,  integration  of  equation 
(4.16)  shews  that  initially  the  cavity  expands,  reaching  dimensions 
greater  than  equilibrium,  and  then  slams  shut,  returning,  to  tne 
Initial  stale,  after  which  the  process  is.  repeated  in  the  form  of 
success  i • pul  ;-.n  1 i ejjS  . 


--  h/rip. 


(4.20) 


The  amplitude  of  the  pulsations  within  the  framework  of 
the  approximation  used  here,  not  considering  energy  dissipation, 
does  not  decrease. 

Py  analyzing  equation  (4.21)  it  is  possible  to  obtain  a number 
of  approximate  relationships,  describing  the  process  of  the  cavity 
pulsation  14J. 

During,  the  greater  part  of  the  pulsation  period,  as  a con- 
sequence of  t.  o record  reduction  in  pressure  in  the  cavity  with 
an  increase  in  it.-:  radius,  a relative  part  of  the  intrinsic  energy 
in  the  energy  balance  equation  (4.21)  is  small  and  may  be  ignored. 


I 


Pig.  4.2.  Dependence  of  the  radius  of  a pulsating  sphere 

on  time. 

Then  from  (4.21)  we  obtain  the  approximation  equation 

2 I 4-  ”P*ni  **  E>  ■ (4.22) 

At  the  moment  of  the  maximum  expansion  of  the  bubble  the 
rate  of  motion  of  its  surface  becomes  :mro,  and  thus  from  formula 
(4.22)  it  is  possible  to  express  the  maximum  radius  through  T;he 
total  pulsation  energy 

~*j"  ■ty,*^4n.n  T:-  A. 


(4.2-;) 


Mow  excludin'1;  K from  formula  ('1.2?)  with  the  <aid  of 
relationship  (^,^3),  we  obtain  the  equation 


hi  2/1"  ( "ntm  , ) 


(*1.2*0 


examined  by  Rayleigh  (see  13])  in  study inn  the  slamminp  of  a 
hollow  cavity  in  a liquid  under  the  action  of  hydrostatic  pressure, 


This  equation  nay  be  integrated,  which  leads  to  the  relation- 


ship 


t « 


jbTf 


=-  -f-  const. 


(4.25) 


The  integral  enterinr  in  this  equation  is  not  expressed  in 

elementary  functions,  although  it  nay  be  reduced  to  the  sir;:  of 
incomplete  !.—  t;  functi arm, 

Chooslny  R = 0 and  R = K in  the  inter, ral  of  formula  ('1.25) 

Iilu/. 

as  the  limits  of  interration,  v;e  find  the  time  required  for  the 
expansion  of  a cavity  from  zero  to  maximum  radii.  By  virtue  of 
the  fact  that  in  the  cases  of  interest  to  us  R,<  R _ . this 

j.  Ilia  X 

time  is  approximately  equal  to  half  the  pulsation  period  of  the 
cavity  [4] 
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(4.26) 


hence 
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>~l, 


('1.27) 
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By  using  relationship  (*1.23)  it  is  possible  to  express  the 
pulsation  period  by  the  amount  of  total  energy  of  the  pulsating 
bubble  [5] 


t 

/?*> 


(*».28) 


Sometimes  this  equation  is  called  the  Willis  formula. 

As  seen,  the  pulsation  period  increases  in  proportion  to 
the  cube  root  of  the  amount  of  total  pulsation  energy  and  decreases 
in  proportion  to  the  amount  of  hydrostatic  pressure  to  the  exponent 
b/6.  Tt  is  necessary,  however,  to  note  that  the  formula  is  not 
applicable  if  the  pulsating  bubble  is  located  rear  the  boundary  of 
the  liquid  as  a consequence  of  a change  in  the  nature  of  the  ex- 
pand I nr  f 3 f.'V.T.  . 


Ignoring,  the  pressure  of  the  gas  insioe  the  cavity,  correct 
for  the  greater  pari,  of  the  pulsation  period,  proves  tc  be  unaccep- 
table in  the  initial  stage  of  the  process  of  bubble  expansion. 

Tills  is  connected  with  the  fact  that  at  the  initial  moment  the 
pulsation  energy  is  concentrated  in  the  form  of  the  intrinsic 
energy  of  the  compressed  gas,  the  pressure  of  which  is  the  factor 
determining  the  motion.  At  this  stage  it  is  possible,  on  the  other 
hand,  to  Ignore  the  influence  of  the  external  pressure  and  to  omit, 
correspondingly,  the  second  term  in  the  braces  of  relations  (4.16). 


The  equation  thus  obtained 
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(4.29) 
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tii  *'euiM')N  (4.1b),  in  which  P()  is  assumed  to  l,'-  omitted, 
which  it  pessib'l  e i.<,  determine  the  cm  i n.un 

r ■inf*  t.h'"'  b’lhpie  r;.dius  at.  th”  moment 
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of  reaching  the  maximum  rate  from  the  condition  of  R vanishing 


ill. 


where 


(4.30) 


Further,  in  the  particular  case,  when  y = 4/3»  equation  (4.29) 
nay  be  intcfratcd,  which  rives  the  approximate  dependence  of  the 
radius  of  the  sphere  on  time,  valid  for  the  initial  stare  of  ex- 
pansion when  PS»  Pq  [4]. 
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(4.31 ) 


where 


Ac  is  seen  fr<..u  relationships  (4.30)  and  (4.31) , in  the 
initial  stare  of  expansion,  when  the  internal  pressure  is  the 
decisive  factor  in  the  process,  the  rate  of  expansion,  in  order  of 
magnitude,  is  equal  to 

/*~/7vF„  (4.32) 


and  the  time  t^,  during  which  the  radius  of  the  sphere  increases 
by  the  order  of  mapni tudo  of  its  initial  value,  is  ~ R^A/P^/pq . 

During  this  tire  the  pressure  in  the  bubble  decreases  by  an 
amount  equal  to  its  initial  value  ( i*’i p; . 4.3). 


shall  now  r.'Ve  a m;-:.-  rleal  example 
Lot  i',  = 10^  a 1.:n,  R | = 1 cm,  y - 1.4. 


for  illustration. 
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Then,  the  maximum  rate  of  bubble  expansion  which  can  be 
reached  where  H = 1.3  Rj  , 1:;  approx  I mutely  1.4*10  cm/sec;  cor- 
respond! tip  to  this  the  bubble  radius  reaches  a value  of  2R.  durinp 

_li  1 

the  time  i —30  sec. 


'J'he  velocity  dlst.ribut Ion  In  the  liquid  surrounding  the  sphere 
is  describ  d by  relationship  (4.7),  and  the  pressure  distribution 
by  formula  (';.3),  which  may  be  converted  Into  the  follow!**.,?  form 
with  the  filn  of  for, .ulus  (-..10)  and  ( 4 , i -I ) : 


p - ro  - [y,‘  (4r  f " p*  1 4 (f " -?"j]  • 


( ^ . 3 3 > 


which  is  m :;••••!!*•- '••or  ex;'1  •»  • n 1 r.p  the  e.inriee!  !*'n  bet  we'  ,|  the 

1 : the  and  !!>•  press,  nv  a fl  >:ed  point  in  the 

1 1 o rO  d r . 


it  obv:*  •'■.»'*•  ‘la  the  rr<  ;w*uro  a point 


f :k 


hull  if.  (:’?.)  Tli  rr.  r:-  fro-.  the 


pressure  In  the  bubble  at  a piven  mom/  nt  of  time  no',  only  by  the 

• p 

factor  1/r,  but,  also  by  an  additive  term  proportional  to  pQR'. 

This  tern,  lov.crinr  the  pressure  near  the  bubble,  where  the 
speeds  of  the  liquid  are  privet  is  sometimes  arbitrarily  called 
the  eernonl  1 1 tern. 


A velocity  profile  Is  schematically  represented  in  Fir;.  4.4 
and  a profile  of  tie-  pressure  in  the  vicinity  of  an  expanding 
sphere  is  i'':;>ioo  n : <-'d  In  }•’!  .*.  H.cj. 


(’"■v-j  <■  1 in  Fin.  4 . r>  m to  the  moment  of  tlr;/*  whet 

• I:  ’ Ol.'id'  ill-*  bubble  still  <•(]:;  the  hydl’OSl  •:  *.  1 r. 

;■<■■■. - : ■ ovrv  :.c  ? ‘ nd  depict  tb<  pressure  dlstrl!  etion 
'!:  t # »•  r ' • of  t .hoi  !’<  :■  . The  sharp  ehnnpe  in 

; ii  :.r  ‘ :r  bubble,  at  d I ::  ■ .tti'--  .;  of  several  H,  Is  due  t< 


the  Influence  of  the  Bernoulli  term;  at  greater  distances  the 
basic  cause  of  the  decrease  in  pressure  is  its  reduction  accord- 
ing to  the  spherical  law  1/r. 

Let  us  now  clarify  the  limits  of  applicability  of  the  solution 
obtained,  based  on  the  assumption  of  the  incompressibility  of  the 
liquid. 


Fir..  ;*.3.  Reduction  of  the  pressure 
ir.  a cavity  during  its  expansion. 


Fir,.  **.*•.  Velocity  distribut  ion  in 
the  vicinity  of  an  expandinr  sphere. 


Fir.  *1.5.  Pressure  distribution  in 
the  vicinity  of  an  expandinr  sphere. 


M 

Handy,  we  shall  now  define  the  condition  that  the  chanpes  in 
the  dons,  it, v of  Un-  liquid  arc  small. 


Fro-!  the  e«su.-H  ion  of  state  of  a 'liquid  (l.-j) 


liave 
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For  water,  for  example,  we  therefore  obtain  that  compressibility 
may  be  1/nored  in  the  case  where 
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0.35) 


Re  writ. inn  fo-Tiula  0*35)  with  rcr.ard  to  relationship  0.3?)  > 
ctotermlni  I'u'.  the  order  of  irumitude  of  the  rate  of  expansion  of  the 
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v;e  nr.it-  that  the  compress lb ! 1 i ty  of  a liquid  in  the  problem  of  i he 
eypr.n:;  ’ a.  of  a cavity  nay  be  lyncrei  if  the  rate  of  expansion  of 
l):  . is  s:  Jl  :!  c:  per.!  v risen  v;  i * h the  spe*  d of  sound  in  the 
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in  th- 


1 r 


rates  of  o/pias iv:.  of 


calculation  ma.v  bo  performed  in  approximation  of  linear 


Vie  note  thn1  irnorinr  the  compressibility  of  the  liquid  in 
calculating  the  expansion  of  the  sphere  and  taking  account  of  it 
in  cal  nulatin;:  the  radiation  are  not  inconsistent  in  the  r;iven 
case. 


Jr,  1 ho  case  of  low  rni  s of  expansion  under  consideration  the 
1 a H worse  or  comipr'-m.slbi  11  ty  has  ar.  insignificant  effect  on  the 
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equation  (4.?l). 

Consequently , in  the  riven  case  the  problem  of  radiation 
is  subdivided  into  a calculation  of  the  sphere  expansion,  which 
may  be  perfoiirod  in  an  approximation  of  -an  incompressible  liquid, 
and  a subsequent  calculation  of  the  radiation  of  a sphere,  expan- 
ding. according  to  a known  law  In  a compressible  medium. 

The  solution  of  the  first  problem  is  described  by  formula 
(4.10.  Sub  .'.tit  ut  inj;  the  results  of  integration  of  equation  (4.16) 
into  foiv.ulrj  (4.1?)  if  is  possible  to  find  the  pressure  profile 

of  the  wave  radiated  by  the  sphere. 

T i*  practical  calculations  j 1 Is  convenient  to  rewrite  formula 

(4.1?)  with  the  aid  of  formulas  (4.10)  and  (4.14)  in  the  form 
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Fir.  4,6.-  Schematic  profile  of 
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the  come res si cn  wave  radiated 
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by  an  expand  in.r  rsphoro. 
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shows  that  a ran  cavity,  contain!  nr,  a rat;  under  elevated 
the  initial  moment. , in  t.lm  process  of  expansion  radiates 
stiii"  of  a comparatively  short  pressure  pulse  and  a lonpo 
pu'1  .•.*•.  hr  simp'  of  th-  v.ive  is.  depicted  schema  t,  j en  Ily 
V: « - pi-s.sur"  niil'-.c  is-  ersi  ft<  1 a'  the  initial  St 
si-  : i {>■•■  oco;:.;,  v:h  th-  pressure  in  fir>  cavity  is  r.t  i ll 

duel'!  - • -,”irs.i  of  tint.  part,  of  the  pulsation  w.-riod 
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when  the  pressure  in  the  cavity  la  lower  than  the  hydrostatic 
pressure,  the  rarefaction  pulse  is  emitted.  When  the  cavity 
clams  chut  a compression  pulse  Is  emitted  a^ain,  and  the  picture 
Is  repeated. 


It  Is  possible  to  r.e.’ro  a simple  estimate  of  the  parameters 
of  the  compression  puJ.-<  , In  the  Initial  stare  of  the  expansion 
peeress  R **  H,  and  - 1.,/p,.,  areordlnr  t.c  (b.'j?).  Then 
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which  makes  it  possible  to  determine  what  part  of  the  energy,  inlti 
ally  stored  In  the  form  of  the  potential  energy  of  the  r. as  in  the 
cavJ ty 
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Section  3.  Expansion  of  a Cylindrical  Cavity  In  a Liquid. 

We  shall  now  consider  a cylindrical  cavity  expandinn  in  an 
ideal  liquid  according  to  the  r.lven  law  R(t).  The  pressure  in 
the  ourroundinr.  liquid  is  p^.  We  shall  assume  that  the  rate  of 
expansion  is  small  in  comparison  with  the  speed  of  sound,  and, 
correspondingly,  the  radius  of  the  cylinder  is  small  in  comDarl son 
with  th'  characteristic  wave  lenrth.  The  liquid  is  assumed  to  be 
at  rest  up  tc>  the  berinninr  of  the  expansion  of  the  cylinder. 

The  velocity  pel  ntial  of  the  medium  which  is  put  into  motion  as  a 
result  or  the  expansion  c.f  the  cylinder  in  the  case  of  low  rates 
of  expansion  tfaV  be  obtained  by  summing  the  potentials  of  the  elemen- 
tary sources,  each  of  which,  for  example,  located  at  a point  * , 
creator  at.  a point  of  observation  with*  the  coordinates  r,  7.  the 
potent'? al 


(4.39) 

where  S * itR  is  the  cross  sectional  area  of  the  cylinder.  The 
meaning  of  the  remaining  terns  is  clear  from  Fij.%  4.7. 


dtf  ---  — 


4.1  \'V-  \ <r-:y 


Tin;  poterii  ial  created  by  a cylinder  of  length  l is  expressed 
by  the  integral 


f- 


* i- 


Y r*  + (*  • 


•«*)*  j 


dz\ 


(4.40) 


Formula  (4.40)  also  may  be  used  for  calculation  the  potential 
of  a cylinder  of  infinite  lenyth.  For  this  we  set  •/.  - 0 and  intro- 


due.-  Mi'-  n va>*  ■ ahl t ■ i — ^v'  \ ' /r  • J’l'-eo  of  s’ . Then 


< ( ■• — t. ) ' - r H 


I fc'  - - [cl (i  - t)l  Y r.J  (/-<)1-r*]<6. 


Passing  to  the  limits  of  Interration  from  0 to  1/2 , we 
rewrite  formula  (Ji.JlO)  in  the  following  form: 


of Sto* 


<4.Ul) 


where 


a =. / — L;  p„,_  _Vr\+VW_m 


Lei  tin.*;  I tend  to  infinity,  v:e  obtain 


r*  w w 

r.  { f ('it'—  _ 

2*  .i  /r*(f^»7^7r 


(4.14?) 


which  exactly  co’  no  1:1c  with  the  v:*.*  15 -known  formula  for*  the  potential 
of  an  infinite  cylinder. 


Pip.  4.7.  V or  calculating  the  poten- 
tial In  a cylindrical  problem. 


r-4" 

: 7 


If  we  licit,  ourselves  to  an  examination  of  the  hydrodynamic 
value:;  in  the  vicinity  of  the  cylinder,  in  an  area  of  low  values  of 
the  ratio  r/e^t,  then  instead  of  t.he  relationships  written  above 
It  is  possible  to  use  simpler  approximation  formulas,  obtained  by 
expansion  of  exact  formulas  with  respe. t to  the  small  parameter 


r/e0t, 


. Vi  i.  !■•••,  ! V I ),  i,l, 


- ! t 


I 


as  compared  to  the  characteristic  wave  length 

Then  in  the  case  of  the  low  rates  of  expansion  under  considera- 
tion hero  the  formula  for  the  potential  (4.40)  may  be  simplified 
in  the  following  way . Expanding  the  integrand  into  a Taylor  series 


with  respect  to  a small  phase  "advance"  V r2+(„__  z*  )2/c  *>or  suffic‘ 


iently  late  moments  of  time  when  t>>/~  £^/i)+r^  v'e  obtain 
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11  rill.,  i ,y (0  - .*(/) 
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(4.43) 
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Performing  term  b,v  term  integration,  we  find 

, + Hr+ l^i"  ••  4*;'  + •'*  , .V  u,  I 
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(4.44) 


In  a plane  {■•orpendicular  to  the  cylinder  and  passing  through 

its  center  (z  = 0) 
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We  shall  now  examine  the  two  limiting  cases  of  this  formula. 
Let  K r , so  that 

S{i)i  , , 


9 = 


6 nr  ‘ 4n* 


(4.46) 


If,  on  the  other  hand,  r<Z  ] , 

1 2.1  r 4:tr, 


(4.47) 


r>u»  : . t i 1 Ui.it>.;  formula  (4.4/)  T » 1 1.  o (4.'>)  and  then  assuming. 


- » ' 4- 
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r * R,  we  find  the  pros'. sure?  on  the  surface  of  a short  (in  compari- 
son with  tho  wave  lenrth)  cylinder 


S(i) , i r 

P - P . - P.  — )r  In ,r  - T P.  Vo/?*-  • 


cu.m 


he t us^  now  consider  a cylinder  of  infinite  length.  Substituting 
co(  t—  t) 

cosh  c 31  -7 in  formula  ( h . h ? > vie  obtain 


Arrh  — 


* (t di. 


(ft.ft9) 


C-t  ^c01' 

Bearin'  in  rind  that  whore  r/c^tA  1 A^ch  — 11  In  — - — and, 

in  the  cases  of  interest  to  us,S(t)  = 0 where  t<0,  fornula  ( h . 4 9 ) 

nav  be  rewritten  in  the  form. 


* — S-  J *(<-•£««)*. 
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Expanding  the  integrand  in  series  and  integrating  tern  by 
tern,  we  obtain 


ip)  , 2m  , sitii 
■f«--35“,n— + ”: ST*  • 


(ft. 51) 


In  the  particular  case  of  the  expansion  of  a cylinder  at  a 
constant  rate  from  fornula  (ft.5i)  we  obtain  the  relationship 


<p  =■  — U*t  In  J-  IPl  . 

A.f®» 


(ft. 52) 


Wbenco,  uni  up  the  perioral  connection  between  pressure  and 
ve  1 or.  ) t y pot  on t 1 a .1  ( h . r> ) , we  f i nd 


P - fli" 


(ft. 53) 
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It  is  interesting  to  note  that  within 
the  framework  of  the  approximation  under 
consideration  (a  low  rate  of  expansion) 
this  formula  satisfies  the  exact  simi- 
litude equation  of  the  problem  of  the 
expansion  of  the  cylinder  at  a constant 
rate,  cited  in  [6]. 

Suhstituti re*  formula  (*1.51)  into  re- 
lationship (*J,5)  and  assuming  r = R,  we 
obtain  a formula  for  the  pressure  exerted 


by  a : 

;.;.dium 

on  an 

expanding 

cylinder. 
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Fir.  fc.g.  For  ca'Lcula' 
ting  the  radiation  of 
a cylinder. 


Tills  formula  is  applicable  if  the  rate  of  expansion  of  a cylin- 
der is  not  rrer.t , R/e^t<  1 and  its  length  is  much  greater  than  the 
characteristic  wave  length  . 

V.'e  shall  nsv:  turn  to  a calculation  of  the  acoustic  radiation 
of  a cylindrical  cavity  expanding  in  a liquid.  V/e  shall  consider 
the  channel  to  be  a set  of  point  sources.  Then  a general  expression 
for  the  potential  of  the  field  created  in  the  liquid  by  the  expan- 
ding cylinder  is  given  by  formula  (*!„*10).  If  v/e  consider  the  field 
only  at  a sufficient  distance  from  the  discharge,  in  the  Fraunhofer 
zone,  this  formula,  as  is  knov/n,  may  be  rewritten  approximately  in 
the  form 


(*1.55) 

whore  r - r^ — teas  0 j<;  the  distance  to  the  point  of  observat  ion 
and  t.V;  moanin  ' 0 and  r,  is  clear  from  Fig.  *1.8. 

it  I ."»  easy  also  so  find  the  pressure  in  the  radiated 
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For  the-  direction  perpendicular  to  the  axis  of  the  channel 
0 = r/?,  cos  0 = 0 and  from  the  first  half  of  formula  (4.56)  we 
obtain  immediately 


( 4 . 5? ) 


For  the  case  of  a short-  cylinder  the  maximum  phase  difference  Z/c^ 

of  the  aipnais  radiated  by  the  different  ends  of  the  cylinder  is 
smal  l in  cov parieon  v.tith  the  pulse  duration  t,Z/cq  t<  1 . This 

make 3 it  possible  to  obtain  a simple  approximation  formula  from’ 
(4.56),  if  we  expand  the  inter.rand  into  the  series 

After  integration,  omit.tinc  the  now  superfluous  zero  index  of 
the  coordinate,  we  obtain 


r-P'-P'-^s-i  ... 


(4.58) 


Us  I nr,  (4.58),  it  Is  easy  to  calculate  the  radiated  acoustical 
enoivy,  i nte;-rat  i nr.  the  f 1 ow  of  enerr.y  with  respect  to  a spherical 
reference  surface  and  with  respect  to  tine 


l'1 

— ■ 2 j yi'  '~J^-'lt2nr*sin<)dO. 


(4.59) 
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In  the  case  of  a cylinder  lone  in  comparison  with  the  wave 
length,  the  phase  difference  of  the  signals  emitted  by  the  different 
ends  of  the  cylinder  is  great  and  formula  (4.58)  cannot  be  applied; 
in  place  of  it,  it  is  necessary  to  use  the  exact  formula  (4.56), 
the  transverse  signal,  naturally,  being  described  by  formula  (4.57) 
as  before. 


The  total  acoustical  energy  radiated  by  a long  cylinder 
may  be  calculated  according  to  formula  (4.59),  in  this  case  using 
the  Parscval  equation 


5 (p—  I’of'H  ~ -jj-J  | $(<•',  0)|f  Jio, 


(4.60) 


where  s(w,e)  is  the  spectrum  of  the  signal  emitted  by  a discharge 
in  the  direction  6 with  respect  to  the  channel  axis. 


This  spectrum  may  be  determined  according  to  the  formula 


* (<*>,  0) 


sin  mo 
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(4.61) 


where  At  = cos  6,  n = , which  represents  the  signal  spectrum 

of  a system  of  n point  sources,  arranged  at  a distance  A?  from 
one  another.  If  we  let  Ac  tend  to  zero  it  is  possible  to  convert  to 
a continuous  distribution  of  sources  on  the  length  l.  The  quantity 
s(u)  in  formula  (4. 6.1)  is  the  spectrum  of  an  elementary  signal, 
coinciding,  correct  to  within  a constant  factor,  with  the  spectrum 
of  the  signal,  emitted  by  a channel  in  the  perpendicular  direction 


*(M) 


AC. 
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(l)i'.s  |>(—  n>tl)dl. 


(4.62) 


wbc-e  pj  = p - Pq  when  0 = ir/2  and  at  a distance  r from  the 
channel. 


If  we  assume,  for  example,  that  (t)  has  the  form  of  a 
rectangle  with  the  amplitude  at  a distance  r and  with  the  dura- 
tion t,  then  from  formula  (-'1.62)  it  follows  that 


*(<•>) 


Of 
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(4.63) 


Substituting  (*1.63)  into  (iJ.dl),  after  integration  we  find 
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Turning  now  to  formula  (4.59),  we  find  the  acoustic  energy  radiated 
by  a cylinder  of  length  under  the  condition  that  the  expansion 

of  the  cylinder  is  such  that  a rectangular  pulse  of  duration  t 
and  amplitude  at  a distance  r from  the  channel  is  radiated  in  a 
direction  r>err?';d ! cul ar  to  the  channel  axle  [12] 


»V’.« 
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('1.65) 


V/e  note  that  in  the  case  of  a rectangular  approximation  of  the  sig- 
nal, calculation  of  the  radiation  nay  be  performed  comparatively 
simply  and  by  direct  summation  of  the  elementary  signals  emitted 
in  a given  direction. 


If  we  approximate  the  shape  of  the  emitted  compression  wave 
in  the  direction  perpendicular  to  the  channel  axis  by  a Gauss  curve 
with  a constant  decay  t^,  i.e.,  we  assume,  that  the  shape  of  the 
signal  at  a distance  r from  the  discharge  is  described  by  the 
formul  o' 
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Section  *1.  Influence  of  Compressi bl  lity  on  the  Process 
of  the  Expansion  of  a Cavity  in  a Liquid 


We  shall  now  turn  to  nn  examination  of  cases  where  the  rate 
of  expansion  of  a cavity  Jn  a liquid  is  r.reat  (RQ  * X)  and  the  • 
density  disturbances  caused  by  the  expansion  of  the  cavity  are 
significant.  First  v.o  shall  consider  the  case  of  a spherical 
cavity. 

It  is  not  possible  to  obtain  an  exact  solution  of  the  problem 
of  t’v.  expansion  of  a spherical  cavity  in  a liquid  that  reduces  to. 
the  interrat  ion  of  the  hydrodynamic  equations,  which  forces  us  to 
use  numerical  or  approximation  methods. 

The  hirxwood-;  c oho  metre  >d  (see  [5],  which  they  developed  in 
invest irai J ur,  underwater  explosions,  is  a very  effective  approximation 
method  of  solviup,  the  problems  or  spherical  (and  cylindrical)  flows . 

If  instead  of  the  velocity  potential  9 we  introduce  0 * R<p, 
then  equations  ( h . 1 ) , and  ( h . P ) may  be  transformed  into  one  equation 
of  the  form  {5] 

&;<P  _ , r v ( o v \*  ( Ov  in 

. Or'  ^ [ 14  l Or  j ( 01  j J* 

(4.68) 


e(f»)--=  (v?r,V 


In  the  case  of  small  dl  s.t enhances  where  it  is  possible  to 
ir.nore  quadratic  terms  equation  ( 4. 63)  reduces  to  a wave  equation, 
'ibis  means,  that  1 r:  this  case  i he  valuer,  of  0 are  "shifted"  at  the 
speed  Cy,  ’..d-icro  Cy  c(pf)  is.  the  speed  of  sound  in  an  undi  s.turbed 
.1  i >:u  ' d . 


- i ■•e„ 


obtain  n solution  of  equation  (4.68)  in  the  form  of  a translational 
wave.  Nevertheless,  Kirkwood  and  Rethe  assumed  that  the  value  ♦ 

In  this  case  propagates  at  the  speed  c 3 c + v similar  to  the 
way  In  which  fixed  values  of  pressure  and  velocity  propagate  in 
a plane  hirr.ann  wave. 


This  reaps  that  the  vale  r also  propagates  at  the  speed 
o . :rr-  act  ion  (’’JO  It  !\.1  lews  Up'. 

*•  2 *•  (h.6j) 

where  h Is  the  specific  enthalpy,  dot  or:  .1  rvd  by  the  fol  iowinr 
formula  In  the  ease  of  i Step  ran  1 a flaws 


r» 


(4.70) 


Thus,  r.scord’e  . to  the  111  rkwoo;l-pr-t  h*-  the**  ry 
that,  the  function 


it  is  assumed 


G(t,r)~ 


(4. 71) 


propagates  at  the  speed  c,  that  is,  the  follow!  rif  equation  Is  valid 

o.  (4.72) 

which  is  the  basic  equation  of  the  theory.  We  emphasize  that  equa- 
tion (4.72)  does  not  derive  from  the  equations  of  hydrodynamics; 
it  may  be  considered  simply  as  a successful  hypothesis,  justified 
by  th  - rood  arreeruil  of  Its  solutions  with  the  results  of  numerical 
calculations.  Tills  equation  nay  be  rewritten  Jn  a different  form 
(•■  n v . i :1  '-lit  for  calcula  t. ’ n:*  the  pressure  e.n  the  surface  of  an  expari- 
diiii'  sp  !»'•••<•  in  a co;- pee.*.:;  I hi  > • fluid  [ f> } . 

Fr-.  v'i.yi)  have  I Rtprodutwl  from 
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Substituting  I'ornulii  ( . 7 3 ) into  (ll.7?)  find  then  elinina- 
tinr  the  partial  derivatives  with  respect  to  time  and  the  coor- 
dinate with  the  aid  of  the  relationships: 
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obtained  fro**  e-p.*.*  lens  ( *t  . 1 / and  ( >'* . ;* ) and  're  formula  for  the 
total  derivative 
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On  the  surface  of  the  sphere  r * R,  v * U,  h * H;  considering 
also  that  c * e + v,  we  obtain  finally 

*(‘-4)+4t(‘-4H‘+4H+ 

+ (•-4)43-  0.76) 

If  the  lnv/  of  expansion  of  the  sphere  H(t)  is  known* 
equation  (**.7f>)  makes  it  possible  to  determine  the  value  of  the 
enthalpy  on  1 he  :;*»*•  fa of  the  sphere  as  a function  of  tir.e,  and 
together  with  if • also  the  pressure  exerted  by  a compressible  fluid 
f.n  an  < ::i  and i n * sphere.  * 
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Rclat Jonshi  ps>  (U.'iC)  and  (*1.77)  may  be  considered  as-  a pcnerali- 
z'lbli'-n  of  forma > a applicable  l*or  an  Incompressible  fluid. 

Ac  r.ay  be  seen  fr.  ( *! . 7 O arid  ( ^» . 7 7 ) * the  influence  of 
co:  !•<  r.ulb  j ] j * y lead.'  ■.  r-  an  increase  in  pressure  on  the  surface  of 
an  expand* n • here  it.  *..!-,♦♦  case  \ ht.ro  the  pressure  decreases  wit  h 
t • d:«/d*. ,A,  and  to  *.r  Incrcar/.  in  pressure  with  a rrowth  In 

, *ha‘  * , mo;  ror.s lb V!  • ty  of  the  fluid  produces  a dnrpjr.y 
ef  foci  , v.hici.  is  nai  \ to  e*-pi  r‘  . • 
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It  is.  possible  to  have  another  sir pi  1 fication  of  equation  (*1.7f) 
obtr  Ine.j  by  expansion  of  this  equation  with  respect  to  the  small 
para: .^‘.«-r  and  with  the  use  of  the  approximation  expression  for 
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calculating  the  process  of  sphere  expansion. 


The  basis  of  the  method  suitable  for  solving  this  problem, 
in  the  presentation  of  which  we  follow  here  [8],  is  the  assumption 
that  the  function 


•(*+4) 


0.8) 


propagates  with  the  speed  c * c + v. 

Therefore,  if  the  value  of  this  function  en  the  boundary  is 
known,  then  it  ray  be  calculated  at.  any  point  in  space. 

Thus,  the  problem  is  divided  into  two  stages:  1)  deterni nin.t 

the  function  G(Don  the  surface  of  the  expanding  sphere  ( t is  used 
to  dc si  mate  the  tiro  reckoned  on  the  surface  of  the  sphere)  ; ?) 
det.-r minim-;  the  function  G(t,  r),  and  together  with  it  the  other 
hydrodynamic  values  at  an  arbitrary  point  of  observation. 

If  the  motion  of  the  sphere  is  given,  R * R(t),  then  U * R 
is  known,  and  the  enthalpy  h on  the  surface  of  the  sphere  may  be 
found  from  relationship  (4.76),  which  also  completes  determining 
G(t)  on  the  surface  of  the  sphere. 

In  correspondence  with  the  basic  assumption  of  the  Kirkwood- 
Bethe  theory  (s re  [5])  the  value  of  the  function  G(t,  r)  at  an 
arbitrary  point  in  space  is  determined  by  the  relationship 


C(l,r)  = C(//.7)-G(7), 
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r.  a function  cf  0,  r,and  R 
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where,  acoordinr;  to  formula  (ft. 83) 
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(ft. 87) 

pt/  = 4-| 

(ft. 88) 

We  drill  nov.’  analyse  the  solution  obtained. 
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Tf  the  d i r,ti>]  barices  are  small  and  At  is  poor, 
cor p?ir-t ri.ji  v.'ifh  uni'i.v  in  formula  (ft.8'>),  then 
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the  surface  of  a radiating  sphere  of  radius  R to  the  point  of 
observation  R does  not  depend  on  0. 

Consideration  of  the  following  term  in  the  expansion  of  the 
denominator  of  formula  < h . 8 1> ) in  Bv  leads  to  the  solution 


I — 7 =»  - — 21  ln,-r-  ' 


(ft. 90) 


In  thJ;.  approximation , the  1 :* rr  t—  * proves  to  be  a linear 
function  of  0.  Hence , it  follows  that,  in  contrast  to  formula 
(-1.89),  this  solution  describes  a wove.  Hi"  profile  of  which 
chanr.es  dur,inr  preparation. 


It  is  Interesting  to  note  that  the  solution  of  (4. 90), in 


particular  coincides  ’.:1th  the  result, 
of  the  c-.iuai  lens  of  )>y di-sdyrr.s.Acs  to 


of  the  dire  ct  intofrati  on 
a second  approximation  with 


respect  to  Bv  {9,  10] . 


In  the  genera]  case  for  arbitrary  disturbances  formula  (ft. 86) 
makes  it  possible  to  determine  t as  a function  of  C,  R,and  r and 
in  the  same  way  to  find  the  fields/  of  the  hydrodynamic  quantities- 
t.ho  velocity,  accoriding  to  formula  0.87),  and  the  pressure, 
which  may  be  expressed  by  the  formula 


'<'•  o - [vir+  Arr (‘  + •=£-«)  •’]  - b. 


(ft. 91) 


As  an  illustration  of  the  method  discussed  we  shall  present 
the  result  of  a calculation  of  the  radiation  of  the  compression 
wave  of  a sphere  expanding  under  the  influence  of  the  pressure 
of  the  j -r  r,  contained  in  it.  'Hie  solution  of  this  problem  is 
obtained  w A ' h the  aid  of  the  Orkwood-bcthe  theory  (see  181). 
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in  ■ st.'iti-  of  * he  inside  the  cavity  was 

I'd  ■ * i f‘ . f'i!T",.i'iirni : - to  t.hls,  th  - value  of  Uie 


function  OftT)  on  the  surface  of  the  expanding  sphere  was  deter- 
mined by  numerical  integration  of  the  system  of  equations  (4.76) 
and  (4.77)  and  the  adiabatic  equation 


(4.92) 


where  R.,  and  pj  arc  the  initial  values  of  the  radius  of  the  sphere 
and  the  pressure  in  it. 


The  the  profiler,  of  the  pressure  at  different  distances  from 
the  source  i.*crc  calculated  according  to  formula  (4.86)  with 
respect,  to  the  known  function  0(t). 


In  the  case  of  sufficiently  hlph  initial  pan  pressures  the 
pressure  profile  calculated  becomes  ambiguous,  which  signifies 
the  for." at  ion  of  shoo):  waves. 


Their  position  and  the  magnitude  o'*  their  distortion  are  deter- 
mined no eoraim;  to  the  solution  obtained  with  the  aid  of  Rankin — 

lluponlot  relationships,  which,  in  the  case  of  low  intensity  shock 
waves,  reduce  to  the  simple  law  of  "equality  of  areas"  [1], 


A typical  result  of  a calculation  is  shown  in  Pip.  4.9, 
taken  from  [8].  Curve  1 is  plotted  according  to  formulas  (4.86) 
and  (4.91)  where  r/R  * 10~\  R ■ 0.1  cm,  » 10^  atm,  and  curve  2 
represents  the  profile  of  the  shock  wave  formed. 

The  expansion  of  a cylindrical  cavity  in  a liquid  with  preat 
rates  of  expansion  may  be  examined  in  similar  fashion. 
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Pip,.  *1.9.  Formation  of  a shock  wave 
in  the  case  of  the  propagation  of  the 
compression  wave  radiated  by  an  expan- 
inr,  sphere. 


It  is  assumed  that  the  function  G = r 

at  the  speed  c = c + v and,  correspondingly 
tier, 


£G 


0. 
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(h+-5y~)  propagates 
satisfies  the  equa- 

(4.93) 


This  equation  may  be  transformed  and,  being  applicable  to  the 
surface  of  the  expanding  cylinder,  is  written  in  the  form 
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(4.94) 


If  the  law  of  the  expansion  of  the  cylinder  R(t)  is  known, 
equation  (4.93)  makes  is  possible  to  calculate  the  enthalpy,  and 
together  with  It  with  the  aid  of  formula  (4.77) >the  pressure  on  the 
surface  of  the  cylinder  as  a function  of  time. 


The  distribution  of  hydrodynamic  values  in  the  vicinity  of  the 
cylind..  • at  distances  which  are  short  in  comparison  with  its  length 
also  nay  be  found  with  the  Kirkwood-Bethe  method. 


Tn  fact,  by  using  the  condition  of  the  constancy  of  the  func- 
tion ('  In  the  process  of  wave  propagation  and  with  known  values  of 
this  function  on  the  surface  of  an  expanding  cylinder,  it  is  possible 
to  deter:- i no  It;;  value;*,  at:  those  points  in  space  where  the  wave 
stm  may  b>'  considered  to  be  cylindrical. 
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In  this  case  the  hydrodynamic  values  are  connected  with  the 
auxiliary  function  G by  the  relationships 


(*.96) 

(*.97) 


which  also  makes  it  possible  to  find  the  spatial  distributions  of 
these  values. 

In  the  case  of  moderate  rates  of  expansion  formula  (*.95) 
is  simplified 

•-1 '-=r-W— $-C(r*-l,*)  (,.98) 

in  agreement  with  the  well-known  result  of  linear  acoustics  [11].* 

In  the  case  of  low  rates  of  expansion  (Bv-*0)  formula  (*.95) 
transforms  into  the  well-known  result  of  linear  acoustics 

(*.99) 
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CHAPTER  V 


THEORY  OP  THE  EXPANSION 
OF  A DISCHARGE  CHANNEL 


Section  1.  Introduction 

The  release  of  energy  in  a discharge  channel  induces  an  increase-  In 
pressure  in  it  which  leads  to  the  rapid  expansion  of  the  channel, 
accompanied  by  the  radiation  of  a compression  wave  and  the 
subsequent  formation  of  a pulsat.inr;  pas  bubble. 

In  the  process  of  the  expansion  of  the  channel  the  walls  of 
the  channel  may  be  considered  to  be  impermeable  for  the  liquids 
surrounding  It,  This  does  not  mean,  of  course,  that  In  considering, 
the  processes  inside  the  channel  it  is  possible  to  ignore  evapora- 
tion of  materia]  on  the  channel  wall,  but , by  virtue  of  the  signifi- 
cant difference  between  the  densities  of  the  matter  in  the  channel 
and  In  the  liquid .evaporation  on  the  sheath  of  the  channel,  being 
significant  for  the  processes  inside  it,  leads  to  a displacement  cf 
the  boundary  of  the  channel  in  the  liquid  which  Is  Insignificant 
against  the  background  of  rapid  hydrodynamic  expansion. 

Another  important  characteristic  of  discharges  In  a liquid  Is 
the  fact  that  efficient  mechanisms  of  heat  conductivity — radiant  and 
electron,  leading  to  rapid  equalisation  of  temperature  along  the 
radius  of  the  channel,  act  Inside  the  discharge  channel  thanks  to 
the  high  plasma  density,  while  less  efficient  mechanisms  of  heat 
conduct! vit.y  act  in  peripheral  areas  of  the  channel,  which  leads 
to  a slow  heating  of  the  matter  in  this  area  and,  correspond! ugly , 
to  a rapid  temperature  drop  on  the  channel  boundary. 

The  above-mentioned  characteristics  of  the  phenomenon  make 
It  pen:-. -Mo  to  i "rg  m ••  s ’ •>:.]  e tli»»orc  tl  cal  nod''],  satisfactorily 
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describing  the  process  of  channel  expansion 


We  shall  consider  a discharge  channel  as  a cavity  in  a liquid 
filled  with  a uniform  plasma  and  having  a sharp  boundary  with 
cold  liquid.  The  amount  of  plasma  increases  in  the  process  of 
the  discharge  due  to  evaporation  from  the  channel  walls.  We 
shall  consider  the  temperature,  pressure, and  density  of  the  plasma 
to  be  constant  along  the  radius  of  the  cavity. 

Limiting  ourself  to  an  examination  of  discharges  with  moderate 
currents,  we  shall  ignore  also  the  magnetic  pressure  in  comparison 
with  the  gas  kinetic  pressure  and  the  influence  of  the  skin  effect. 

As  a result  of  the  release  of  energy, pressure  in  the  cavity 
riser,  and  it  expands. 

Tn  the  process  of  expansion  the  hydrodynamic  and  electrical 
characteristics  of  the  discharge  are  connected  by  an  energy  balance 
equation,  the  solution  of  which  makes  it  possible  to  determine  the 
dependence  of  the  radius  on  time,  the  pressure  in  the  channel, 
the  parameters  of  the  emitted  compression  wave, and  the  pulsating 
bubble  according  to  the  given  mode  of  energy  release,  determined 
by  the  .electrical  characteristics  of  the  discharge  [1]. 

Ignoring  energy  losses  due  to  the  radiation  of  light  and  heat- 
ing of  the  liquid  outside  the  channel  in  agreement  with  the  results 
of  Chapter  III,  it  is  possible  to  consider  that  the  energy  E released 
in  the  form  of  Joule  heat  is  expended  In  increasing  the  intrinsic 
energy  of  the  plasma  W and  in  the  work'  A over  the  surrounding 
liquid  performed  by  the  channel  during  expansion, 

H'-|  A — E.  (5.1) 

An  actual  calculation  depends  on  the  relationship  between  three 
dimensional  scales:  the  length  of  the  discharge  gap  Z,  the  character! 

tic  channel  radius  Rq,  and  the  characteristic  wave  length  X,  deter- 
mining both  the  nature  of  approximations  in  examining  the  hydrodynamic 


phenomena,  and  also  the  choice  of  one  or  another  hydrodynamic 
model  of  the  discharge.  Several  models  of  a discharge  will  be 
examined. 

A spherical  model  of  a discharce,  applicable  under  the  con- 
dition Z<Rq<X,  a model  of  a short-  cylinder  (Rq<Z<X),  and  a 

model  of  a lone  cylinder  (RQ<  X*  Z ) will  be  examined  In  an  approxi- 
mation based  on  the  smallness  of  the  density  disturbances  (acoustic, 
or  an  approximation  of  Incompressible  fluid). 

A spherical  'model  (Z<X<  Rq)  will  be  examined  In  a nonlinear 
approximation  considering  the  finite  nature  of  the  density  distur- 
bances. 


Section  2.  Spherical  Model  of  a Discharce. 

Let  us  consider  an  electrical  discharce  In  a liquid,  the 
length  of  the  discharge  cap  of  which  is  small  in  comparison  with 
the  characteristic  channel  radius,  and  the  latter,  in  turn,  is  small 
in  comparison  with  the  wave  length,  that  is,  l < Rq  < X. 

The  fact  that  the  characteristic  channel  radius  Rq  is  large 
in  comparison  with  the  lencth  of  the  discharce  c^P  makes  it  possible 
to  consider  that  the  shape  of  the  channel  is  close  to  spherical  in 
the  discharge  process,  while  the  smallness  of  the  channel  radius 
in  comparison  of  the  length  cf  the  radiated  wave  means  that  the 
density  disturbances  of  the  liquid  produced  by  the  discharce  are 
small.  In  addition,  from  the  acoustic  point  of  view,  such  a dis- 
charge is  similar  to  a point  source  of  sound,  which  provides  the 
basis  for  calling  such  discharges  point  discharges  [2]. 

We  shrill  examine  the  energy  balance  equation  (5-1)  as  applied 
to  the  ease  of  a point  discharge. 

r.r,  Vs-ai  ••••,.•!  (;*./*.•  Chant  <•,.  ITT),  the  Intrinsic  energy 

<>!"  a n I. as.'  ■■  ip  a lii.ilea  ran:  ••  n;*  1 «a  in- -i- ..Hive:;  may  be  e .'pressed 


approximately  by  the  ordinary  formula  for  the  energy  of  an  ideal 
gas 


W 


pv 

t-i  ’ 


(5.?) 


where  p is  the  pressure;  V is  the  volume  occupied  by  the 
plasma,  V = 4/3'iR  , R is  the  channel  radius,  if  some  effective 
value  of  the  adiabatic  index,  equal,  for  example,  to  1.26  in  the 
case  of  a plasma  formed  from  water,  is  used  as  y. 


The  expansion  work  is  equal  to  ' 

v 

A = f pdV. 

V. 


(5.3) 


The  energy  E(t)  released  in  the  channel  is  determined 
accord’n*  to  the  electrical  characteristics  of  the  discharge — the 
current  T and  voltage  n in  the  discharge  gap  t 


(5.H) 


The  pressure  inside  the  channel  may  be  expressed  as  a function 
of  the  radius  of  the  channel  and  -its  derivatives  with  respect  to 
time  may  he  found  by  solving  the  hydrodynamic  problem  of  the  expan- 
sion of  a spherical  cavity  in  a liquid. 


In  the  case  under  consideration  Kq*S  X,  this  problem  may  be 
solved  in  approximation  of  an  incompressible  liquid,  since  the 
density  disturbances  of  the  liquid  are  small. 


A correspond  i nr' 
IV;  irnoru!;-  the  ores 
with  the  pre.-.sur-*  in 


solution  war,  obtained  In  Section  ? of  Chapter 
sure  in  the  undisturbed  liquid  In  comparison 
the  cii'uin-'l  in  tills  formula. 


1 


we  obtain 


f “ to  (4 lt%  + ,tlt)  “ ~ T ^TsSs**  • 


(5.5) 


Substituting  (5.5)  into  (5*3)  we  find  the  work  of  the 
expansion  of  the  channel 


*"*fr£(Tr-«Sir)  d*“P» 
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(5.6) 


assuming  that  V(0)  = 0. 


This  result  nay  be  interpreted  in  the  follow! nr  way: 


A is  the  work  expended  in  increasinr.  the  kinetic  enerry 
of  the  virtual  nass  of  the  expandinp  sphere. 


A ~ p,in/P  JtL 


(5.7) 


Substituting  (5..1),  (5.5),  (5.6)  into  (5.1),  we  obtain  the  follov 
inp  equation: 


i 'V — lQf±.V'  = ll^!L4n/l£(().  (5.8) 

In  this  equation  it  is  possible  to  ipnore  the  second  term 
havinp  a snail  coefficient.  It  is  possible  to  verify 
the  correctness  of  this  approximation  if  we  compare  the  different 
terns  in  equation  (5.8)  by  usinp  the  results  of  numerical  integra- 
tion of  the  simplified  equation. 

Therefore,  we  shall  use  the  following  equation  below 


'ixllE(t). 


(5.9) 


V>  shall  introduce  the  dimensionless  variables 


/(x)  - y.,-",  (5.10) 

V/h'-i  ■ i i IJn  < I i . r • t ; • ; r ■ ; ‘ * ii  u ■ -a  1. 1 > >11 ; K u h(  i ) is  tie  '•n*.,i,p,7  »*«■•< 
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In  tho  discharge  channel  during  the  time  x;  Is  ft  unit 
of  length  to  be  determined. 

In  the  new  variables  equation  (5.9)  acquires  the  form 

*■£-(*■&-)  “ l<sr (5.U) 

We  shall  choose  RQ  so  that  the  coefficient  In  the  right 
member  of  equation  (5.11)  becomes  unity 

(5.12) 

This  relationship  exactly  coincides  with  the  previously 
obtained  expression  (3.5),  determining  the  order  of  magnitude 
of  the  radius  of  the  channel  at  the  end  of  the  discharge. 

This  means  that  the  new  unit  of  length  introduced  by  rela- 
tionship (5.12)  has  the  sense  of  the  critical  channel  radius. 

The  equation  ootained 

**ll{**  (5.13) 

written  in  the  form  of 

(5. U) 

From,physical  considerations  it  is  natural  to  choose  the  Initial 
conditions  in  the  form 

*«0,  y — ff«.  $-0,  (5.15) 

where  y()'=  ^str^O  '' " 3nitlal  radius  of  the  channel.  In 


For  numerical  calculation  can  be 
the  system ' 

*$-■ 
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correspondence  with  the  data  In  Chapter  II  it  Is  possible  to 
consider  that  the  streamer  radius  Rstr  * 10  cm.  A precise 
determination  of  the  Initial  radius  Is  not  required  since  the 
expansion  process  basically  Is  determined  by  the  conditions  of 
energy  release  in  the  channel,  and  not  by  the  initial  condi- 
tions, which  the  system  rapidly  "forgets." 

Equation  (5.13)  together  with  the  initial  conditions  (5.15) 
completely  describes  the  process  of  channel  expansion  if  the 
function  f(x)  characteri zinc  the  mode  of  energy  released  in 
the  channel  is  known  (for  example,  from  experiment).  We  note 
that  thanks  to  the  special  selection  of  the  units  of  time,  energy, 
and  length  the  parameters  of  the  discharge  do  not  enter  Into 
equation  (5.13)  In  explicit  fashion;  their  Influence  Is  exerted 
on  the  conation  only  through  the  function  f(x).  It  is  possible 
to  state,  therefore,  that  all  discharges  characterized  by  identi- 
cal modes  of  energy  release  (Identical  f(x))  are  similar  in 
the  sense  that  they  are  described  by  one  and  the  sane  equation. 

s 

In  particular,  as  was  mentioned  in  Chapter  III,  for  all 
discharges  close  to  critical,  the  appearance  of  the  standard 
law  of  energy  release — the  function  f(x) — is  identical,  which 
points  out  the  similarity  of  these  discharges  in  the  above-mentioned 
sense. 


We  shall  how  express  the  principal  quantities  characterizing 
a uniform  spherical  model  of  a discharge  through  the  solution 
of  equation  (5.13).  Since  the  radius  of  the  channel  is 


n ■=  /?.?, 


(5.16) 


then,  substituting  this  relationship  into  (5.5)  and  using  (5.1*0* 
we  find  the  pressure  in  the  channel 


P 


c<o. 


(5.17) 
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where 


C(«) 


/(*>  i.  »* 

»•  * r*  * 


The  work  of  expansion,  according  to  (5.7) » is  expressed 
by  the  formula 

A - 2jtP,1»-vV.  (5.18) 


and  the  intrinsic  energy  of  the  plasma  in  the  channel  by 

[/<«)—£]•  (5.19) 


The  density  disturbances  of  the  surrounding  liquid  aris- 
ing in  the  discharge  channel  propagate  in  the  form  of  a spheri- 
cal compression  wave.  The  profile  of  this  wave  may  be  deter- 
mined by  using  the  solution  of  the  problem  of  the  radiation  of 
a sphere,  expanding  according  to  a given  law  in  a liquid.  In  the 
case  of  the  snail  rates  of  expansion  under  consideration  here 
this  problem  may  be  solved  In  an  approximation  If  linear  acoustics 
(see  Section  2 of  Chapter  IV)  where  the  velocity  potential  of 
the  radiated  wave  is  determined  simply  by  the  bulk  speed  of  the 
source  (4.11),  and  the  pressure  in  the  wave  radiated  by  the 
sphere  is  proportional  to  the  bulk  acceleration  (formula  4.13) • 

Designating  the  excess  pressure  created  by  the  wave  as 
p below,  on  the  basis  of  (4.11),  (4.13),  (5.14)  and  (5.16)  we 
obtain 


where 
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Reproduced  from 
best  available  copy. 


(5.20) 


(5.21) 
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We  emphasize  that  the  formulas  given,  based  on  a solution 
of  the  energy  balance  equation  C 5 • 1^ ) » describe  only  the  leading 
part  of  the  wave  ra-diated  in  the  active  stage  of  the  discharge, 
when  current  flows  along  its  channel  and  energy  is  released. 

Knowing  the  pressure  profile  of  the  radiated  compression 
wave  we  find  the  acoustic  energy  removed  by  this  wave 


where 


»»'.« 


(5.22) 


In  calculating  the  acoustic  energy  integration  may  be  taken  up 
i * 1 in  view  of  the  rapid  decrease  of  the  integrand.  In  addi- 
tlon^for  the  function  f(x)  given  in  Fig.  3.13  , J * 1. 

It  is  useful  to  turn  our  attention  to  the  following  feature 
of  the  above,given  formulas  for  the  hydrodynamic  characteristics 
of  a discharge:  according  to  their  structure  they  consist  of 

a dimensional  constant  and  a dimensionless  function  of  time.  In 
addition  It  proves  to  be  the  case  that  the  orders  of  magnitude 
that  can  be  described  by  these  formulas  In  practice  are  deter- 
mined by  the  dimensional  coefficients. 

The  dimensionless  functions  of  time  in  the  area  of  the 
maximum  differ  from  unity  Insignificantly.  The  peculiarities  of 
calculation  noted  are  connected  with  the  choice  of  the  scales 
characteristic  for  the  processes  under  consideration  as  units  of 
time  and  length. 

In  principle  the  formulas  presented  above, (5.16)  — (5.39)  and 
(5.20)  — ( 5 . tnak<’  it  possible  to  calculate  the  hydrodynamic 
character! sties  of  a discharge  if  the  mode  of  energy  released 
eharact  r-r'i  i by  ‘‘'inr-t  inp  r(y.)  is  known. 


In  particular,  for  all  discharges  close  to  critical,  as 
was  mentioned  in  Chapter  III,  the  standardized  law  of  energy 
release  is  identical  and  is  described  by  a function,  a graph 
of  which  is  presented  in  Fig.  3.13. 

Correspondingly,  the  dimensionless  functions  entering  Into 
the  formulas  for  the  hydrodynamic  quantities  also  are  identi- 
cal for  such  discharges. 

Therefore,  for  calculating  the  characteristics  of  such 
discharges  it  is  sufficient  to  know  only  two  parameters — the 
discharge  duration  t and  the  total  energy  released  during  this 
time,  E,  determining,  according  to  formula  (5.12),  Rq,  and 
together  with  it, the  dimensional  coefficients  of  the  formulas 
cited  above.  Also  it  is  possible  to  eliminate  Rq  and  to  rewrite 
these  formulas  directly  in  terms  of  the  parameters  t and  E. 

In  this  case  the  hydrodynamic  quantities  are  described  by 
the  formulas: 

channel  radius 

_ i_ 

^-•rT  *T*£*ir,  (5.23) 


pressure  In  the  channel 


• » • 


r /(') 

-JLjLI 

■z  TTJ' 

pressure  In  the  radiated  compression  wave 


P=M>/4£‘t~*4  1M-, 


radiated  acoustical  energy 

' ± -i  _ * 

lV.e  ta*E>‘  C,  t Ty, 


(5.21*) 


(5.25) 


(5.26) 
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where 


It  Is  interesting  to  note  that  the  time  scale  t enters 
into  (5.23)  to  the  same  power  as  in  problems  of  an  intense 
explosion  or  the  slamming  of  a bubble  in  a liquid. 


'In  turn.  In  the  case  of  discharges  close  to  critical, 
the  parameters  i and  E may  be  approximately  determined  accord- 
ing to  the  formula 


t — ji  Ylc  , 


(5.27) 


(see  Table  3.5),  which  makes  it  possible  to  calculate  the 
dependence  of  the  hydrodynamic  characteristics  of  a discharge 
on  the  parameters  of  the  electrical  circuit.  Por  example,  the 
pressure  in  a compression  wave,  in  order  of  magnitude,  is  deter- 
mined by  the  formula 


PZZ  1°-*  y-  [—jj~ ] •'»"  , 


if  r expressed  In  cm,  C In  f,  U in  V,  and  L In  H. 


An  important  characteristic  of  a discharge  is  the  amount 
of  its  electroacoustic  efficiency , which  is  understood  as  being 
the  ratio  of  the  acoustical  energy  radiated  during  the  discharge, 
to  the  total  energy  inti  educed  into  the  channel. 


n- 
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(5.28) 


It  is  obvious  that  the  efficiency  is  proportional  to  the 
rate  of  expansion  of  the  channel  Eq/t , depends  on  the  value  of 
the  effective  adiabatic  index  for  the  plasma  of  t.hc  discharge, 
weakly  depends  on  the  amount  of  energy  released  F.  ,and  increases 


with  a decrease  in  discharge  duration. 

For  the  discharges  of  moderate  intensity  under  considera- 
tion here,  n ~ 10??  (values  of  the  parameter,  typical  for  such 
discharges,  are  given  in  Table  3.5).  In  experimental  conditions 
it  is  convenient  to  perform  a discharge  along  the  surface  of  a 
rigid  reflector.  The  influence  of  this  surface  also  may  be 
considered  in  a calculation.  We  shall  examine,  for  example,  a 
discharge  taking  place  immediately  on  a rigid  plane  surface. 

If  as  before  the  electrode  gap  is  small  in  comparison 
with  the  characteristic  channel  radius  (and  the  latter  Is  small 
in  relation  to  the  wave  length),  then  the  shape  of  the  channel 
will  be  close  to  hemispherical. 

Correct  to  the  effects  connected  with  the  formation  of  a 
boundary  layer,  such  a discharge  is  equivalent  to  half  a spheri- 
cal discharge  In  free  space. 

Hence, it  Is  clear  that  the  hydrodynamic  characteristics  of 
a discharge  near  a plane  will  coincide  with  the  corresponding 
characteristics  of  a free  discharge  of  double  the  energy. 

They  may  be  calculated  according  to  the  formulas  for  a dis- 
charge In  free  space  if  in  calculating  the  quantity  R entering 
this  formula , instead  of  E in  formula  (5.12), we  substitute  2E,  and 
In  addition,  we  divide  in  half  the  amount  of  work  of  the  channel, 
the  Intrinsic  energy  of  the  plasma, and  the  acoustic  energy. 

In  the  same  way  considering  the  energy  found  only  in  one  of  the 
half  spaces. 

Section  3.  Short  Cylinder  Model 

If  the  length  of  the  electrode  gap  is  great  in  comparison 
with  the' radius  of  the  channel,  but  small  in  comparison  with 
the  wave  length,  that,  is  R0<  l < \ , then  in  the  discharge  process 


-j  -I.?- 


The  calculation  is  similar  to  that  performed  in  the  pre- 
ceding section  (see  (1]  and  13]). 

The  energy  E(t)  released  in  the  channel  basically  is  expen- 
ded in  increasing  the  intrinsic  energy  of  the  plasma 


(5.29) 


and  in  the  work  of  expanding  the  channel 


m 

A - J PldS, 


v5.30) 


where  P is  the  pressure  in  the  channel;  S is  the  cross  sectional 
area  of  the  channel;  l is  its  length. 

The  pressure  on  the  surface  of  a short  cylinder,  expanding 
with  a speed  which  is  small  in  comparison  with  the  speed  of  sound 
in  a liquid,was  calculated  approximately  in  Chapter  IV,  formula 
(4.48).  Ignoring  the  equilibrium  pressure  in  comparison  with  the 
pressure  in  the  channel  it  is  possible  to  rewrite  this  formula 
in  the  form 


» „ s , i ri  s* 
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(5.31) 


Substituting  (5.31)  into  (5.30)  and  bearing  in  mind  that 


we  find 


B JS  4 A*  , I 
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the  channel  has  an  elongated  shape,  which  makes  it  possible  to 
use  a uniform  model  of  a short  (in  comparison  with  the  wave 
length)  cylinder  for  describing  such  a discharge. 


-]  4 3- 


^ 1,1 4*  (5.32) 

Then  substituting  (5*29),  (5.31)  and  (5.32)  into  (5.1) 
and  cancelling  Z,  we  obtain  the  energy  balance  equation  in 
a calculation  for  a unit  length  of  a channel 

a&,n4  + *f  ffr"  l)2i«4— (5.33) 

We  introduce  the  dimensionless  variables 


x ** 


where  t,  E,and  Rq  are  respectively  the  discharge  duration,  the 
total  energy  released  in  a channel  during  the  time  t,  and  the 
characteristic  unit  length. 


In  the  new  variables  equation  (5.33)  acquires  the  form 


d_ 

dr 


yu 


ti*r 


(r-»> 


(T-i)T-t:  f(x) 

V’ln ^ * 


(5.3*0 


If  the  length  of  the  discharge  gap  is  chosen  as  the  charac- 
teristic unit  length  RQ,  then  this  equation  may  be  rewritten  in 
the  following  way: 


y*ln 


H’J 


(5.35) 


The  dimensionless  coefficient 


~ - (V-  1)  - I_E. 
l'  P0  vl5 


may  be  con- 


sidered  as  a similitude  criterion  in  the  sense  that  discharges 
characterized  by  7 and  f(x)  will  be  described  by  identical 
equations. 


rt  v o 


In  practice,  however,  in  a caculation  of  the  process  of 

r o „ v- . . r~t r. i wf)«r.  convenient  not  to  choose  Z ns 


-n 


in  the  right  hand  part  of  equation  (5.3*0  equal  to  one  and  has 
the  sense  of  the  characteristic  radius  of  the  channel 


ft 


(T-0  « 

l • 


(5.36) 


Prom  a comparison  of  (5.3*0  and  (5.36)  it  is  easy  to 
establish  that  the  dimensionless  similitude  criterion  J is  no 
other  than  the  fourth  power  of  the  ratio  of  the  characteristic 
radius  of  the  channel  to  its  length,  that  is,  this  is  a criterion 
of  the  Geometrical  similarity  of  discharges. 


Selection  of  the  dimensional  scale  of  length  in  correspondence 
with  formula  (5.36)  leads  to  the  following  form  of  the  energy 
balance  equation: 


■ajirv-M,[‘(r--i) i-r-1 
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(5.37) 


An  estimate  shows  that  the  second  term  in  the  left  hand 
part  of  this  equation  is  small  and  may  be  omitted. 

It  is  possible  to  verify  the  correctness  of  this 
approximation  by  means  of  a comparison  of  the  terms  of  equation 
(5.37),  performed  on  the  basis  of  the  results  of  numerical  inte- 
gration of  this  equation. 


Thus,  from  (5.37)  we  obtain 


/jf) 


(5.38) 


which  may  be  rewritten  in  the  form  of  two  first-order  equations 
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(5.39) 


From  physical  considerations  we  select  the  boundary  condi- 
tions in  the  form: 

twmO,  y = 0,  2 = (5.i|Q) 


where  yQ  is  the  initial  radius  of  the  channel. 

If  the  mode  of  energy  release  in  the  discharge  channel 
characterized  by  the  function  f(x)  is  known,  then  integration 
of  equation  (5.3^)  makes  it  possible  to  determine  the  law  of 
expansion  of  the  channel,  and  together  with  it,  the  other  hydro 
dynamic  quantities. 


We  shall  now  cite  the  appropriate  formulas. 


Radius  of  the  channel 


It  *■  !?&. 

Pressure  in  the  channel 


where 


P 
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(5.41) 


(5.42) 


Work  performed  by  the  channel  during  expansion 

A = =*ln  (5.43). 

IritHnr. !•:  • .v  of  » he  plnrmn  in  the  channel 
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It  is  possible  to  use  formula  (4.58)  for  a calculation  of 
the  acoustic  energy  of  a discharge. 


The  first  term  in  this  formula,  which  may  be  rewritten 
in  the  following  fashion. 


Ji l i 
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(5.45) 


describes  the  shape  of  the  wave  emitted  in  the  direction  perpen- 
dicular to  the  axis  of  the  discharge  (0  “ x/2). 


The  second  term  in  formula  (4.58),  providing  correction 
for  the  first  where  0 ¥*  tt/2,  being  proportional  to  the  small 
parameter  of  the  model  of  a short  cylinder  1/ cQx,  is  small, 
which  reflects  the  fact  that  the  wave  radiated  by  a cylinder  that  is 
short  in  comparison  with  the  characteristic  wave  length  differs 
little  from  a spherically  symmetrical  wave. 


The  acoustic  energy  emitted  during  a discharge  Is  obtained 
by  integration  of  the  energy  flow  with  respect  to  a spherical 
reference  surface  and  with  respect  to  time 


(5.46) 


v 

The  second  term  in  brackets  in  formula  (5.46)  takes  into  account 
the  deviation  of  the  shape  of  the  wave  from  a spherically  symmetrical 
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one.  Formula  (5.46)  Is  applicable  if  this  term  is  small  in 
comparison  with  the  first. 

Using  (5.36)  and  (5.46)  we  find  the  electroacoustic  effi- 
ciency of  the  discharge 

(5.47) 

In  order  to  avoid  misunderstanding  we  emphasize  again 
that  all  the  findings  of  this  section,  including  formula  (5.47), 
are  correct  only  under  the  condition  Rq<  c^  t . 

Y/e  note  also  that,  as  was  done  in  the  case  of  a spherical 
model  of  a discharge,  it  is  possible  to  eliminate  Rq  from  the 
formulas  for  the  hydrodynamic  characteristics  of  a discharge 
with  the  aid  of  relationships  (5.36),  in  this  way  expressing 
these  values  in  terms  of  three  parameters  of  the  discharge — the 
total  enerry  released  in  the  channel,  the  time  of  its  release, 
and  the  length  of  the  electrode  gap. 

In  addition,  in  rough  estimates  for  discharges  close  to  the 
critical,  it  is  possible  to  say  that  the  energy  released  in  the 
channel  and  the  discharge  duration  are  determined  by  formulas 
(5.27). 

Correspondingly , It  is  possible  to  obtain  estimating  formu- 
las for  the  different  hydrodynamic  characteristics  of  a discharge. 

For  example,  the  peak  pressure  In  a compression  wave  in  a 
plant  perpendicular  to  the  discharge  axis  and  passing  through 
the  center  of  the  channel  Is  determined  by  the  formula 


/>xsslO-«-~.  J,/  J-  „m 


(5.48) 
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if  U,  r,  Z,and  L are  expressed  correspondingly  in  V,  cm  and  H. 


Section  !».  Long  Cylinder  Model 

In  an  approximation  based  on  smallness  of  density  distur- 
bances long  cylinders  also  may  be  examined  under  the  condition 
that  the  characteristic  channel  radius  remains  small  In  compari- 
son with  the  wave  length:  Rq<  X < Z[4J. 

The  pressure  on  the  surface  of  a cylindrical  cavity,  the 
length  of  which  is  great  in  comparison  with  the  wave  length, 
is  determined  approximately  by  relationship  (4.5*0 

a J , itJ  S* 

in  in  n~  • 

Substituting  this  expression  into  the  formulas  for  the 
intrinsic  energy  of  the  plasma  (5.?9)  and  the  work  of  channel 
expansion  (5.30),  and  the  result  obtained  Into  the  energy 
balance  equation  (5.1),  we  obtain  the  following  equation  in  an 
approximation: 


(p,-J  In  - P.  ) S + Pi  (in  (r  - 1)  — (T— 1 )BH. 


Turning  to  the  dimensionless  variables,  x * t/x,  y ■ R/RQ, 

and  f(x)  * E/Eq»  we  obtain, ignoring  the  second  and  third  terms 
of  this  equation  in  view  of  their  smallness, 


-*  In -*2L JL  = l?-n_ /f  . 
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(5.50) 


Selecting  as  a new  unit  of  length  the  quantity  defined  by  the 
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(5.51) 
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which  has  the  sense  of  the  characteristic  channel  radius,  we 
arrive  at  the  equation 


where  z 


yy. 


is 

IF 


fU) 


(5.52) 


In  the  given  case  it  is  convenient  to  choose  the  intial 
conditions  in  the  form 

x -*  0,  jr  -»  o,  0 -*  o 


In  practice,  in  virtue  of  the  insensitivity  of  the  calcu- 
lation for  the  initial  values  of  the  quantities  it  proves  to 
be  possible  to  use  as  initial  conditions  values  of  the  channel 
radius  and  rate  of  expansion  which  are  quite  small  in  comparison 
with  the  characteristic  values. 


The  hydrodynamic  characteristics  are  expressed  by  the 
solution  of  this  system  in  the  following  way. 


Channel  radius 


n «*  /?,»/. 


(5.53) 


Pressure  In  the  channel 


"I 


Work  of  channel  expansion 


. . . 2r..r  x 
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(5.55) 


Intrinsic  energy  of  the  plasma  in  the  channel 


(5.56) 


Rif  r s»l 


As  In  the  case  of  a short  cylinder  we  find  the  acoustic 
energy  by  summation  of  the  signals  of  the  elementary  sources 
according  to  formulas  (4.56)  and  (4.57) • 

In  the  direction  transverse  to  the  axis  of  the  channel 
(0  * »/2,  Fig.  4.8)  we  obtain  immediately 


Aj»  . , 


(5.57) 


where 
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In  the  longitudinal  direction  (0  « 0)  from  formula  (4.56> 


we  obtain 
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(5.58) 


Bearing  in  mind  that  the  integrand  differs  from  zero  only 
in  the  interval  0<  x < 1 (the  duration  of  the  signal  Is  small  in 
comparison  with  the  time  required  for  It  to  "travel1*  along  the 
length  of  the  cylinder  Z/cQ),  it  Is  easy  to  establish  that  the 
maximum  value  of  the  longitudinal  signal  is  determined  by  the 
formula 


Pi^-2Fr)-urJxxm-2Fr‘{i)’ 


(5.59) 


The  ratio  of  the  amplitudes  of  the  transverse  and  longitudi- 
nal signals,  pj/pj-Z/cjjTnd),  to  within  the  coefficient  l/r.(l) 
close  to  unity  ( :;ne  Chapter  VJ),  Is  equal  to  the  ratio  of  the 
length  of  the  ehar:r:*'l  * o th-'  length  of  ♦ Jie  pul r.o,  thus  ron°e- 
‘ • :’i  • '•  1 1 * : J Mi-  trur.uv-r.u*  signal  i;:  nht.i  itied  hy 
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summation  of  the  amplitudes,  and  the  longitudinal  by  summation 
of  the  durations  of  the  elementary  pulses,  the  number  of  which 
is  proportional  to  the  length  of  the  radiator  l . 


..  The  total  energy  radiated  by  the  channel  during  a discharge 


(5.60) 


may  be  calculated  by  using  the  results  of  Chapter  IV,  formulas 
(4.65)  and  (4.67). 


If  we  consider  quite  roughly  that  an  elementary  pulse  is 

of  rectangular  form,  then,  on  the  basis  of  formula  (5.57)  tak.- 

2 • p 

ing  as  approximation  pA  * PqRqZ/2t  r and  using  (5.51),  from 
formula  (4.65)  we  obtain 

+ 4- (5.61) 


whence  the  electroacoustic  efficiency  of  a discharge  also  may  ‘ 
be  determined  without  difficulty 

+ I — ,n!r]'  (5.62) 

If  we  approximate  the  shape  of  the  radiated  compression 
wave  in  the  direction  perpendicular  to  the  channel  axis  by  a 
Gauss  curve  with^a  decay  constant  xQ  « 0.7x  and  an  amplitude, 
in  correspondence  with  (5.57),  expressed  by  the  formula 


Px 


(5.63) 


(that  is,  we  represent  approximately  the  dimensionless  function 
of  formula  (5.57)  as  an  error  furiccion),  which,  as  will  be 
seen  later,  in  a calculation  of  the  hydrodynamic  characteristics 


of  discharges  better  corresponds  to  experiment,  then  calcula- 
tion with  the  use  of  formulas  (4.67),  (5.51)  and  (5.63)  leads 
to  the  following  formulas  for  the  acoustic  energy  and  the 
electroacoustic  efficiency: 


IH„  -<T-  DfrJ^l0*25?  + 0-42  + *“£]• 


(5.64) 


(5.65) 


We  note  that  the  hydrodynamic  characteristics  nay  be 
expressed  as  functions  of  the  basic  parameters  of  the  discharge 
E,  t ,and  l by  means  of  omitting  Rq  from  the  corresponding  formu- 
las with  the  aid  of  relationship  (5.51). 

In  turn,  these  values  are  expressed, as  previously,  by 
the  parameters  of  the  discharge  circuit.  In  addition,  a formu- 
la is  obtained  exactly  coinciding  with  formula  (5.48)  for  esti- 
mating the  pressure  in  the  compression  wave. 


Section  5.  Spherical  Model  of  a Discharge. 

Rates  of  Channel  Expansion. 


High 


In  order  of  magnitude  the  rate  of  expansion  of  the  channel 
of  a point  electrical  discharge  is  determined  by  a relationship 
derived  from  Formula  (5.12), 


T 


_I_ 

K* 

' ~ a_ 


Evidently,  the  rate  of  expansion  Is  proportional  to  the 
energy  density  in  the  discharge  o'.iannel  and  increases  with  a 
decrease  In  the  period  of  energy  release. 
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If  a sufficiently  large  amount  of  energy  is  introduced  into 
the  discharge  channel  for  short  intervals  of  time,  then  the 
expansion  of  the  channel  may  take  place  at  speeds  close  to  or 
even  exceeding  the  speed  of  sound  in  the  liquid. 

The  density  disturbances  prove  to  be  significant  and  it  is 
necessary  to  consider  the  compressibility  of  the  liquid  in 
examining  such  discharges. 

We  shall  limit  ourselves  to  investigation  of  a point  dis- 
charge characterised  by  the  following  relationships  of  the  dimen- 

% 

slonal  scales  [5]: 

As  before  we  shall  ignore  the  influence  of  magnetic  pressure, 
considering  it  to  be  small  in  comparison  with  the  pressure  of 
hydrodynamic  origin.  We  shall  consider  the  fluid  pressure 
created  by  the  expansion  of  the  channel  to  be  isentropic,  which 
makes  it  possible  to  use  the  equation  of  state  (^.3) 

where  A ■ 3001  atm,  B » 3000  atm,  n ■ 7 for  water. 

In  calculating  the  hydrodynamic  characteristics  of  a discharge 
it  is  convenient  to  isolate  two  successive  problems  to  be  solved: 

1)  calculation  of  the  channel  expansion  with  a given  mode  of  energy 
release;  2)  determining  the  compression  wave  radiation  by  a 
channel  expanding  according  to  a known  law. 

The  process  of  channel  expansion  may  be  described  approximate- 
iy  by  the  system  of  equations 


/ 
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(5.66) 
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the  first  of  which  expreses  the  law  of  the  conservation  of  • 

• • 
energy  during  a discharge,  and  the  second  and  third  may  be  -.  j 

considered  as  relationships  determining  the  pressure  on  the 
surface  of  an  expanding  sphere  equal  to  the  pressure  inside  the  . 

channel  P as  a function  of  the  radius  of  the  channel  and  its  ' 

• derivatives  with  respect  to  time.  The  last  two  equations  are  . j 

the  consequence  of  the  hydrodynamic'  equations  and  the  equation 
of  state  of  the  liquid  obtained  in  the  Kirkwood-Bethe  approxi- 
mation (see  16]  and  formula  (M.76)).  i 


The  following  symbols  are  introduced  in  fromula  (5.66)  In 
addition  to  those  already  used:  E — the  power  released  in  the 

channel;  H — the  enthalpy  of  the  liquid  along  the. surface  of  an 
expanding  sphere;  c ■ c(p) — the  local  speed  of  sound,  being 
• variable  quantity,  as  opposed  to  the  preceding  quantity. 


We  choose  the  initial  conditions  in  the  form  t -►0,  R+0, 

R-*0. 


In  practice,  as  was  mentioned  already,  it  proves  to  be 
sufficient  where  t ■ 0 to  assign  values  of  the  radius  of  the 
channel  and  the  rate  of  its  expansion  which  are  quite  small  in 
comparison  with  the  characteristic  values  of  these  quantities. 
For  performing  a numerical  calculation  it  is  convenient  to 
represent  system  of  equation  (5.66)  in  dimensionless  form. 


We  introduce  the  dimensionless  variables 


n 

Hi’ 

// 

~~  V * 

M » , 

. • 

M * 

(5.67) 
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where  t and  RQ  are  new  units  of  time  and  length,  cQ  is  the 
equilibrium  speed  of  sound,  M is  the  Mach  number. 

If  we  choose  the  discharge  duration  as  the  unit  of  time, 
and  the  characteristic  channel  radius,  determined  by  relation- 
ship (5.12)  as  the  unit  of  length,  it  is  possible  to  obtain 
the  following  system  of  equations  from  (5.66): 


< _ / (-0  a-  C 
di  j*  * y dx  ' 

w»t 1*— r*4v«. 

(5.68) 

V 1 — »l  — »"  * » ’ 

(5.69) 

(5.70) 

11-1 

..(mM  + 4)-,  M-t. 

(5.71) 

relative  to  the  unknown  functions  y(x),  c(x),  z(x),  n(x).  A,  B 
and  n are  constants  of  the  equation  of  state  of  the  liquid;  f(x) 
is  the  dimensionless  power  characterizing  the  mode  of  energy 
release  in  the  channel.  In  dimensionless  form  the  initial 
conditions  are  formulated  as  follows: 

*-*0,  f~*0,  *-*l,  l-*0,  q— *0. 

We  note  that  system  of  equations  (5.68) — (5.71)  describing 
the  process  of  channel  expansion  contains  a single  similitude 
criterion — the  Mach  number  (M) . 

In  the  limiting  case  as  fl  -*•  0 this  system,  as  should  be 
expected,  transforms  into  a system  of  equations  describing  the 
process  of  the  expansion  of  the  channel  of  a spherical  model 
with  slow  rates  of  expansion  of  the  channel  (see  Section  2 of 

the  present  chapter. 
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Numerical  integration  of  system  of  equations  (5.68) — (5.71) 
makes  it  possible  to  determine  the  dependence  of  the  channel 
radius  on  time,  the  rate  of  expansion  of  the  channel,  the  pres- 
sure in  the  channel,  and  also  the  values  of  the  functions 

C(<) -BiH+  IP, 2)  _ («;  ,■) y + £c(„ 

on  the  surface  of  the  expanding  sphere. 


Determining  these  functions  is  the  initial  point  of  solv- 
ing the  problem  of  radiation  in  the  Kirkwood-Bethe  theory, 

p 

assuming  that  the  values  of  the  function  G » r(h  + 1/2  v ), 
where  h i3  the  enthalpy  of  the  liquid  at  the  point  r and  v is 
the  hydrodynamic  speed,  remain  constant  at  points  traveling  at 
a speed  of  c + v,  which  makes  it  possible  to  determine  this 
function  at  any  point  in  space  according  to  known  values  of  it 
on  the  surface  of  the  sphere. 

In  practice  it  proves  to  be  more  convenient  to  calculate 
a function,  the  Inverse  of  G(t,  r)  [7 J , according  to  formulas 
obtained  from  (*1.86)  — (^.91)  by  reducing  them  to  dimensionless 
form 


l 


*<*)  + MJ 


r t + 23* 
lj*  (»  + !>*•) 


-2ln 


(t  + 3r)!U/  1 

{k(l  +?«■')  J 


1 + 23*/ 

wrr+W) 


(5.72) 


P"  * 4-  [(*  + <"  + *)■ T-: M'ej ■ - 1] . 


(5.73) 
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(5.7^) 


In  the  case  of  small  disturbances,  when  N<  1 and,  consequent- 
ly, 8U<  1 and  8v<  1 these  formulas  transform  into  a solution 


l 


r- II 
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(5.75) 


corresponding  to  an  approximation  of  linear  acoustics 


• • 

'Consideration  of  the  next  term  in  the  expansion  of  formu- 
las (5.72) — ( 5 - 7^ ) in  M leads  to  the  formula 

(5.76) 

This  approximate  formula  graphically  demonstrates  the  influence 
of  nonlinear  effects  in  the  propagation  of  a wave:  points  of 

the  wave  profile  corresponding  to  great  values  of  g approach 
the  point  of  observation  with  shorter  times  t,  that  is,  they 
travel  faster  than  points  with  smaller  values  of  g. 


According  to  known  values  of  the  function  G it  is  easy  to 
determine  the  hydrodynamic  speed  (5.73)  and  the  pressure 


P- ^[4t  + £tK*  + - 1 


(5.77) 


and  to  find  the  profile  of  the  compression  wave  at  any  point  in 
space. 

This  formula  is  simplified  in  the  area  where  (n+l)M2Rg/r<  1 
acquiring  the  following  form: 

(5.78) 

At  a sufficient  distance  from  the  discharge  the  solution  for 
the  compression  wave  profile  may  become  ambiguous  which,  as  is 
known  18],  signifies  the  formation  of  shock  fronts. 

Their  behavior  and  the  magnitude  of  the  discontinuity  are 
determined  by  means  of  joining  the  solution  obtained  with  the 
Rankine-Hugoniot  relationships  on  a shock  front,  which  for 
shock  waves  of  low  intensity  reduces  to  the  simple  rule  of 


"equality  of  areas"  {8] 


At  great  distances  from  the  discharge,  where  nonlinear  effects 
lead  to  great  distortion  of  the  original  wave  profile,  the  shock 
wave  acquires  a form  which  is  weakly  dependent  on  the  detailed 
features  of  the  function  G on  the  surface  of  the  channel.  This 
makes  it  possible  to  obtain  simple  asymptotic  expressions,  describ- 
ing the  shock  wave  at  a distance  from  the  discharge  and,  in  parti- 
cular, making  it  possible  to  clarify  the  nature  of  its  damping. 

Two  cases  are  possible  here. 

If  the  rate  of  expansion  of  the  channel  is  equal  to  or  exceeds 
the  speed  of  sound,  then  shock  waves  arise  in  the  immediate  vicinity 
of  the  discharge. 

In  this  case  it  is  possible  to  use  the  asymptotic  expressions 
of  the  theory  developed  by  Kirkwood  and  Bethe  for  describing 
shock  waves  from  an  explosion  and  applicable  at  a great  distance 
from  it  16] . 

According  to  this  theory,  the  form  of  a wave  Is  assumed  to  be 
approximately  exponential 


p(- </»•).  (5.79) 

and  the  quantities  pm  and  are  determined  according  to  the  follow- 
ing formulas 


Pm  *■  P &m!r,  Gm  » 


where  Is  the  maximum  value  of  the  function  G on  the  surface  of 
the  sphere,  and  o is  quantity  characterizing  the  damping  of  the 
shock  wave. 


1 + 
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it 


(5.80) 


where  RQ  and  t are  the  characteristic  values  of  the  radius  of 
the  channel  and  the  time  of  its  expansion* 

T* " ”“jr~ 1,1  77T  ’ (5.81) 

Formulas  (5.79) — (5.81)  are  applicable  in  the  case  of  the  ful- 
fillment of  the  conditions 


2pC,/TrJ>l. 
,ft7 E">1* 


(5.82) 

(5.83) 


the  first  of  which  expresses  the  condition  of  the  formation  of 
a discontinuity  near  the  discharge  and  the  second  makes  it  possi- 
ble to  use  the  asymptotic  formulas  of  the  Kirkv/ood-Bethe  theory. 
As  is  seen,  the  parameters  of  the  shock  wave  at  great  distances 
are  determined  simply  by  the  maximum  value  of  the  function  G 
under  the  condition  that  the  characteristic  values  of  RQ  and  x 
are  known.  . 


In  turn,  for  rough  estimates  It  Is  possible  to  assume  that 

3 2 

Gq  * Rq/t  , that  is,  to  consider  that  the  maximum  value  of  g Is 
close  to  unity,  which,  as  will  be  seen  below,  agrees  with  the 
results  of  numerical  calculation. 

Thus,  it  is  possible  to  find  the  order  of  magnitude  of  the 
pressure  in  the  shock  wave  radiated  by  an  intensive  discharge 
according  to  a given  discharge  duration  x and  the  total  energy 
released  in  the  channel  E. 

By  using  the  estimate  given  above  for  Gq  Is  is  possible  to 
rewrite  inequality  (5.82)  in  the  following  way: 
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Prom  this  formula.  In  particular,  it  follows  that  the 
possibility  of  the  formation  of  a shock  wave  depends  on  the 
ratio  of  the  energy  density  in  the  channel  proportional  to  the  pres- 
sure in  it  and  to  the  characteristic  pressure  in  the  liquid 

P0C0  * 


If  the  rate  of  expansion  of  the  channel  is  less  than 
the  speed  of  sound, which  occurs  in  the  case  where  instead  of 
(5.81*)  the  inverse  inequality  is  fulfilled 


4M»- 


(5.85) 


then  shock  waves  may  be  formed  as  a result  of  cumulative  nonlinear 
effects  at  a certain  distance  from  the  discharge.  Consideration 
of  this  factor,  performed  in  approximation  of  nonlinear  acoustics 
[5],  leads  to  the  following  formula  for  pm 


Pm  *»  Pi  ~ . W?Jc\  = 


(5.86) 


This  formula  is  valid  if  In  > ||J#.  Fulfillment  of 

this  condition  signifies  that  a shock  wave. was  formed  at  the 
distance  r. 


Section  6.  Approximate  Calculation  of  the  Electrical 
and  Hydrodynamic  Characteristics  of  a Discharge  According 
to  Given  Parameters  of  the  Electrical  Circuit. 

The  models  of  an  electrical  discharge  examined  In  the  prece- 
ding sections  are  Incomplete  In  the  respect  that  the  mode  of  ener- 
gy released,  determined  by  the  electrical  characteristics  of  the 
process,  must  be  given  for  a calculation  of  the  hydrodynamic 
characteristics  of  a discharge. 

Menr.vrhlle , If  v:e  Include  the  electrical  circuit  in  our  exarui- 

nati'-n,  i « is  f It:  le  to  obta  In  a closed  system  of  equations. 
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describing  both  the  electrical  and  the  hydrodynamic  phenomena 
during  a discharge.  An  approximate  calculation  corresponding 
to  this  approach  is  made  by  A.  I.  Ioffe  in  19],  which  we 
follow  in  the  presentation  below. 

The  principle  difficulty  which  arises  in  an  examination 
of  such  a closed  model  is  connected  with  determining  the  channel 
resistance  which  Is  variable  in  time  and  depends  on  the  particle 
density  and  temperature  in  the  channel. 

We  shall  consider  that  the  electrical  circuit  of  a discharge 
is  an  oscillatory  circuit  with  a given  inductance  L,  a capacitance 
C,and  a resistance  determined  by  the  resistance  of  the  discharge 
channel  which  varies  with  time. 


Then  the  electrical  characteristics  of  the  process  are 
described  by  the  equation  of  an  oscillatory  circuit 


JPU  . H,  HV  , V 

+ it 


(5.87) 


Here  U is  the  condenser  voltage;  Rg  is  the  ohmic  resistance 
of  the  discharge  channel;  l/nel  Is  the  resistivity;  S is  the 
cross  sectional  area  of  the  channel. 


In  agreement  with  that  which  was  stated  In  Chapter  III  we 
shall  consider  approximately  that  the  conductivity  of  the  plasma 
is  determined  only  by  the  Interaction  of  electrons  with  ions 
and  is  described  by  formula  (3.29)  (where  Z * 1) 


where 
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(5.88) 


For  practical  reasons  in  our  calculation  InA  which  varies 
slightly  with  a chance  in  electron  configuration  was  assumed  to 
be  constant.  Here  e is  the  electron  charge;  T is  the  tempera- 
ture; ng  is  the  number  of  electrons  in  a unit  volume. 

For  specificity  we  shall  consider  a discharge  corresponding 
to  the  short  cylinder  model,  that  is,  we  shall  consider  that 
the  length  of  the  electrode  gap  is  great  in  comparison  with 
the  characteristic  channel  radius,  but  much  less  than  the 
characteristic  wave  lencth  RQ«Z<A,  A * cqt,  where  t is  the  dis- 
charge duration. 


Then  the  energy  balance  equation  with  respect  to  a unit  of 
length  of  the  channel  may  be  written  in  the  form 


i *rs 
i—  i it  “ 

/- 


Ml,, 


•(5.89) 


and  the  pressure  on  the  surface  of  the  expanding  cylinder  is 
determined  by  formula  (*l.l»8),  which  it  is  convenient  to  write  in 
the  following  way 


P- 


(5.90) 


Estimates  show  that  the  length  of  the  radiation  path  in  a 

h 

plasma  at  a temperature  of  T * 2*10  • K and  with  a density 

ne  * 1020  cm"^  is  approximately  . 10"*  cm  and  is  small  in 

comparison  with  the  characteristic  channel  radius  (see  Chapter 

III).  Therefore,  the  plasma  of  the  channel  may  be  considered 

a 

to  be  a black  body  radiating  the  radiant  flux  q » oTef.  from  a 
a unit  of  its  surface. 


If,  therefore,  we  assume  that  the  radiated  energy  flux  q is 


absorbed  in  a thin  layer  of  water  and  goes  only  to  evaporate 
the  water  within  the  channel,  then  for  the  particle  density 
in  the  channel  it  is  possible  to  write  the  following  equation: 


4r*s 


2* /far* 
U 


where  D is  the  evaporation  energy  on  a molecule. 


(5.91) 


Together  with  the  equation  of  state  of  an  ideal  gas 

p *-  nkT,  (5.92) 

approximately  applicable  for  a slightly  ionized  discharge  plasma, 
relationship  (3.91)  closes  the  system  of  equations,  consisting, 
therefore,  of  the  five  equations  (5.87) — (5.9?). 

This  system  nay  be  integrated  numerically  with  the  appropri- 
ate initial  cor.dit ions . Several  of  these  are  obvious:  at  the 

initial  moment  the  condenser  is  charged  to  a given  voltage  UQ, 
and  there  is  no  current  in  the  circuit,  which  leads  to  the  condi- 
tion dU/dt  * 0.  The  remaining  conditions  are  not  so  specific; 

for  practical  purposes  in  our  calculations  it  was  assumed  that 

2 

the  Initial  value  of  the  channel  cross  section  was  0.1  cm  , the 

rate  of  expansion  was  zero,  and  the  intial  temperature  and  parti- 

*1 

cle  density  were  chosen  as  approximately  equal  to  10  • K and 
10 

10  cm  . Variations  of  10-30*  in  the  initial  values  had  an 
insignificant  effect  on  the  results  of  calculation. 


The  results  of  a calculation,  describing  the  electrical 
and  hydrodynamic  characteristics  of  a discharge  with  respect  to 
four  given  parameters:  initial  conderisor  voltage,  the  inductance 

L and  capacitance  C of  the  discharge  circuit, and  the  length  of 
the  discharge  gap  I.  are  compared  with  experimental  data  in  the 
following  chapter. 


Section  7.  Similarity  of  Electrical  Discharges 

in  a Liquid. 

As  was  mentioned,  the  relationship  between  the  three  dimen- 
sional scales — the  length  of  the  discharge  gap  L,  the  charac- 
teristic channel  radius  RQ,and  the  characteristic  wave  length  X 
Is  an  important  characteristic  of  the  hydrodynamic  phenomena 
during  a discharge;  it  is  precisely  this  relationship  that  deter- 
mines, in  particular,  the  choice  of  one  or  another  of  the  dis- 
charge models  examined  above. 

This  relationship  may  be  characterized  by  two  dimensionless 
parameters:  M ■ Rq/X  and  N * Z/X,  the  first  of  which  is  equal 

to  the  ratio  of  the  characteristic  rate  of  channel  expansion  to 
the  speed  of  sound,  M * Rq/ct  - U/c,  and  therefore  may  be  called 
the  Mach  number,  and  the  second  characterizes  the  length  of  the 
channel  in  comparison  with  the  length  of  the  radiated  wave. 
Different  discharges  correspond  to  different  values  of  the  para- 
meters; on  the  other  hand,  identical  values  of  them  correspond  to 
identical,  in  a hydrodynamic  respect,  discharges,  that  is,  they 
play  the  role  of  hydrodynamic  similitude  criteria. 

The  meaning  of  these  parameters  becomes  more  clear  if  we 
turn  to  the  dimensionless  equations  describing  the  different 
discharge  models  [see,  for  example,  formulas  (5.13),  (5.28)  (5.38), 
(5.*»7),  (5.52),  (5.62)  and  (5.69)).  In  spite  of  the  differences 
in  these  equations,  the  common  factor  is  that  the  parameters 
M and  N (or  their  ratios)  are  the  coefficients  which  enter  these 
equations . 

Hence  it  follov/s  that  discharges  with  Identical  values 
of  the  parameters  M and  N are  described  by  equations  which  may 
differ  only  In  the  form  of  the  dimensionless  function  f(x), 
characterizing  the  mode  of  energy  release  in  the  channel. 

It  in  not  difficult,,  however,  to  verify  the  fact 
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that  the  nature  of  this  function,  determined  by  the  time 

2 

dependence  of  the  power  I RQhm,  depends  both  on  M and  on 

only  one  other  parameter  Z *Ref/V  L/C  , entering  as  a coef- 
ficient into  the  equation  for  the  discharge  current 

. g + *Z±rHx)I  + n'I. 

Here  I is  the  discharge  current,  RQhin  is  the  ohmic  resistance 
of  the  circuit;  it  is  assumed  that  it  is  due,  basically,  to  the 
resistance  of  the  channel;  Re^  is  the  effective  value  of  this 
quantity,  equal  to  Z/nS  for  a cylindrical  model  and  1/qR  for  a 
spherical  model;  L and  C are  the  inductance  and  capacitance 
of  the  circuit;  R(z)  ■ Rohn/Ref  is  the  dlmensionless  "resistance, 
which  may  be  considered  an  identical  function  for  similar  dis- 
charges X,  X * t/T,  T * W LC  . 

Thus,  it  is  obtained  that  discharges  with  identical  values 
of  the  parameters  M,  !J,and  Z are  described  by  identical  equations 
that  is,  these  parameters  are  similitude  criteria. 


We  shall  represent  them  in  a different  form.  First  we 
shall  examine  discharges  corresponding  to  cylindrical  models. 
In  this  case  the  parameter  Z,  being  a similitude  criterion  of 
the  electrical -(and  energy)  characteristics  of  the  discharge 
may  be  written  as  such: 
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'•i 


"S 


T=C« 


tV 


(5.93) 


where  S is  the  cross  sectional  area  of  the  channel. 


Bearing  in  tnind  that  the  amount  of  plasma  conductivity  is 
determined  by  the  temperature  and  pressure  in  the  channel,  which 


are  Identical  for  similar  discharges*,  and  therefore  omitting 

2 

and  also  the  combination  of  parameters  equal  to  M , constant 
for  similar  discharges,  we  obtain 


V L tV  ’ 


(5.91*) 


In  examining  the  similarity  of  discharges  In  one  and  the 
same  liquid  it  is  possible  to  consider  .the  speed  of  sound  c to 
be  constant,  so  that 


(5.95) 


Now  we  shall  express  these  similitude  criteria  with  the 
parameters  C,  U,  L»and  Z usually  given  in  an  experiment. 


We  have  according  to  (5.36) 


M 


Z 


1 

***** 


Hence  it  follows  that  for  similarity  of  discharges  It  is 
necessary  that  the  quantities  U2/ZL,  ZV  LC  , Z/L  ^ be  con- 
stant which  leads  to  the  following  condition  for  the  similarity 
of  two  cylindrical  discharges  in  one  and  the  same  liquid: 


(5.96) 


We  note  that  relationships  (5.93) — (5.96)  coincide  with  the 


• In  agreement  with  formula  (3.^3)  for  discharges  corresponding  to 

a cylindrical  mode],  the  temperature  T - (E/t2Z)/2°  - M 5 and  there- 
fore is  identical  for  discharges  with  an  identical  value  of  M;  for 

v >/. 

discharges  corresponding  to  a spherical  model,  T ~ M , that  is, 
it  changes  slightly  with  a change  in  t In  the  case  of  constant 
M.  The  amount  of  pressure  in  the  channel  - M2  and  therefore  is  iden- 
tical for  similar  discharges. 
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results  In  C 10) , obtained  on  the  basis  of  general  methods  of 
similitude  theory. 

Bearing  in  mind  also  that  the  equations  for  a spherical 
model  do  not  depend  on  the  parameter  N we  obtain  that  in  this 
case  discharges  are  similar  under  the  condition  that  the  follow- 
ing two  parameters  are  constant 


(5.97) 


For  discharges  in  one  and  the  same  liquid  these  criteria  may 
be  rewritten  in  different  form 


M — (E/xi)'h  — utltf’Cn, 

(5.93) 

Hence  we  obtain  that,  for  example,  two  discharges,  correspon- 
ding to  spherical  models,  are  similar  under  the  condition 


i c, 


(5.99) 


Similarity  of  discharges  signifies  not  only  agreement  of  the 
dimensionless  functions  entering  into  formulas  (5.16) — (5.19)  and 
(5.20) — (5.22)  and  formulas  similar  to  them,  but  also  equality  of 
the  absolute  values  of  the  quantities  characterising  the  process 
of  channel  expansion  (pressure,  rate  of  expansion,  etc.),  taken 
at  corresponding  moments  of  time  (identical  x). 


In  addition,  the  characteristics  of  the  compression  wave, 
determined  at  corresponding  points  (with  identical  1/ r or  Rg/r) 
at  the  corresponding  moments  of  time, also  prove  to  be  equal. 
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CHAPTER  VI 


HYDRODYNAMIC  CHARACTERISTICS  OP  DISCHARGES. 

COMPARISON  WITH  EXPERIMENTS 

Section  1.  Introduction 

The  theory  of  electrical  discharges  in  a liquid  presented 
in  the  preceding  chapter  makes  it  possible  to  calculate  their 
hydrodyamic  characteristics  if  the  mode  of  energy  release  in  the 
discharge  channel  is  known.  If  we  characterize  the  mode  of  energy 

release  by  the  dimensionless  function  f(x)  ■ E(t)/E(x),  where 

x « and  t is  the  discharge  duration,  then,  as  experimental  re- 
sults shot/,  the  form  of  this  function  proves  to  be  practically 
Identical  for  discharges  close  to  critical.  This  circumstances 
Imparts  a certain  universality  vo  the  calculation  of  the  dimen- 
sionless hydrodynamic  characteristics  of  a discharge,  performed 
for  one  form  of  the  function  f(x).  The  results  of  such  a numeri- 
cal calculation,  performed  with  the  use  of  formulas  (3.1)  and 
(3.2),  approximating  the  conditions  of  the  release  of  energy  In 
the  case  of  a critical  discharge,  are  given  below. 

We  note  that  these  results  may  be  used  approximately  in  cal- 
culating not  only  discharges  close  to  critical,  but  also  aperio- 
dic and  periodic  discharges.  If  in  the  first  case  we  Introduce  a 
correction  for  the  increase  in  discharge  duration  In  comparison 
with  the  value  W LC  and  In  the  second  case  a correction  for  the 
fact  that  only  part  of  the  stored  energy  CU  /2  is  released  during 
-the  first  half-period.  Examples  of  the  application  of  the  approxima 
tlon  theory  for  calculating  the  hydrodynamic  characteristics  of 
specific  discharges  presented  above  are  given  below. 

We  emphasize  that  we  are  speaking  here  only  of  the  phenomena 
during  the  condenser  discharge,  where  electrical  current  flows 
along  the  'channel. 


The  hydrodynamic  phenomena  Jn  the  subsequent  stages  of  the 


discharge  are  not  examined  in  this  study.  We  note  only  that 
the  pulsating  bubble  formed  as  a result  of  a discharge  in  many 
regards  is  similar  to  the  gas  bubbles  formed  in  the  case  of 
underwater  explosion  or  in  case  cf  cavitation  [1],  [2]. 

In  particular,  the  pulsation  process  of  a spherical  bubble 
at  a great  distance  from  the  boundaries  is  described  by  the 
formulas  in  Section  2 of  Chapter  IV  from  which  follows  the 
simple  relationship  (4.28),  connecting  the  pulsation  period 
of  the  bubble  with  the  pulsation  energy. 

In  the  process  of  the  pulsations,  compression  waves  which 
are  easily  recorded  experimentally  are  emitted  when  the  bubble 
slams  sMit.  This  make  it  possible  to  determine  the  pulsation 
period  and  then,  by  using  formula  (4.28),  the  energy  of  the 
pulsating  bubble  in  the  case  of  a spherical  discharge  model. 

Discharges  corresponding  to  cylindrical  models  create  a 
gas  bubble  differing  from  a spherical  one  and  similar  In  form 
to  a cylinder  with  hemispherical  ends..  In  the  subsequent  stages 
of  expansion  such  a bubble  gradually  acquires  a shape  close  to 
spherical.  The  slamming  of  nonspherical  bubbles,  as  motion 
picture  photography  shows.  Is  accompanied  by  losses  In  stability 
of  form.  The  bubble  breaks  up  into  several  separate  bubbles  of 
different  dimensions,  slamming  shut  at  different  moments  of  time 
and  as  a result  creating  several  compression  pulses.  The  instabi 
lity  of  the  slamming  process  Is  expressed  also  by  the  significant 
fluctuation  of  the  pulsation  periods  of  the  bubbles  created  by 
discharges.  Identical  with  respect  to  electrical  char*  ^eristics. 
Naturally,  the  connection  between  the  energy  of  a bubble  and  the 
pulsation  period  determined  by  formula  (4.28)  is  very  approximat 
for  cylindrical  models  of  discharges. 

The  pulsation  energy  of  a bubble,  being  equal  to  the  product 
of  its  maximum  volume  by  the  amount  ox'  hydrostatic  pressure,  also 

may  be  det--rr:lnr-d  by  rvii-urlr.^  photographs  taken  by  filming  the 
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bubble  against  an  illuminated  background.  According  to  experi- 
mental data,  the  pulsation  energy  of  a bubble,  which  arose  as 
the  result  of  an  electrical  discharge,  amounts  to  around  30% 
of  the  total  energy  released  in  the  channel. 

Of  the  three  principle  hydrodynamic  characteristics  of  a 
discharge — the  dependence  of  the  channel  radius  on  time,  the 
pressure  in  the  channel  and  the  pressure  the  compression  wave — 
the  last  two  values  are  the  most  sensitive  to  accuracy  of  calcu- 
lation,since  they  depend  not  only  on  the  radius  of  the  channel, 
but  also  its  derivatives  with  respect  to  time. 

Measurement  of  the  pressure  in  the  channel,  is,  however, 
quite  a complex  experimental  problem  due  to  the  presence  of  high 
electrical  voltage  in  the  area  of  measurement.  It  is  signicantly 
simpler  to  measure  the  pressure  in  the  compression  wave  radiated 
by  the  discharge.  Therefore  this  value  Is  used  in  comparing 
theoretical  and  experimental  results. 

Measurement  of  the  pressure  in  a compression  pulse  usually 
is  performed  with  the  aid  of  broad-band  pressure  receivers.  They 
may  be  of  two  types:  receivers  in  which  the  sensing  element  is 

directly  subjected  to  the  action  of  the  pressure  to  be  measured, 
and  waveguide  type  receivers,  in  which  the  sensing  element 
reacts  to  the  deformation  wave  arising  in  a long  metal  rod  upon 
the  action  of  the  pressure  to  be  measured  on  its  end;  the  lateral 
surface  of  the  rod  in  this  case  is  acoustically  insulated  from  the 
external  medium  with  a metal  tube. 

Sensing  elements  of  the  piezoelectric  type,  made  of  piezocera 
H c of  ferro-electric  compositions,  for  example  of  barium  titanate 
with  the  addition  of  cohalt,  or  of  TsTS-200  piezoceramic,  are  the 
i.vis'.  suitable.  If  the  pressure  on  the  piezocell  exceeds  several 


Fig.  6.1.  Diagram  of  the  construction' of  a hydrophone. 

1 - cylinder  of  piezoceramic ; 2 - resin  filling;  3»  ^ - leads 
to  electrodes;  5 - single  strand  wire. 

hundred  atmospheres,  it  is  necessary  to  apply  protective  sheathing  of 

the  piezocell  in  order  to  avoid  nonlinear  distortions.  Piezc- 

cells  in  the  form  of  cylinders  around  3 nn  in  diameter 

and  with  a wall  thickness  of  0.3  mm  have  a capacitance  of  around 

1000  nf  and  very  low  natural  frequency  of  around  0.5  mHz.  In 

the  case  of  an  input  resistance  of  the  oscillograph  of  mesrachms  , the 

receiving  channel  makes  it  possible  to  reproduce  pressure  pulses 
3 -5 

lasting  from  10“J  to  10  second  on  the  oscillograph  screen  with- 
out significant  distortions. 

In  receivers  of  the  first  type  (Fig.  6.1)  the  piezocell  is 
attached  to  the  end  of  a coaxial  holder  with  the  aid  of  an  elastic 
resin.  The  elastic  attachment  Is  necessary  in  c^der  that  the 
elastic  waves  v/hich  arise  In  the  holder  upon  the  action  of  the  com- 
pression pulse  on  It  are  not  transmitted  to  the  piezocell.  It  is 
necessary  to  turn  our  attention  to  the  following  factor.  The  dis- 
placment  soeeds  of  liquid  particles  are  great  in  a compression 
pulse  of  great  amplitude.  The  drag  on  the  piezocell  by  the  liquid 
causes  the  appearance  of  mechanical  stresses  of  Inertial  origin  in 
the  piezocell.  If  the  piezocell  has  less  sensitivity  in  the 
case  of  cubic  compression  than  in  the  case  of  unilateral  compres- 
sion, the  result  of  pressure  measurement  proves  to  be  inaccurate 
in  the  case  whore  calibration  of  the  piezocell  was  performed  in 
the  absence  of  unilateral  compression.  Because  of  its  axial 
s.vr r.v  , a vi  1 ndrl  cal  i.Pmoffll  is  not  sensitive  to  compression 
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in  the  direction  perpendicular  to  its  axis.  Therefore,  in  the 
paae  of  the  action  of  a compression  pulse  in  this  direction  it 
reacts  only  to  cubic  compression.  A piezocell  in  the  form  of  a 
piezoceramic  cube  or  disc  may  Rive  incorrect  information  on  the 
pressure  in  a compression  pulse  if  it  is  calibrated  by  cubic 
compression. 


Fig.  6.2.  Diarram  of  the  construction  of  a waveguide  type 
hydrophone. 

1 - waveguide;  ?.  - piezocell;  3 - screening  tube;  4 - filament. 


In  receivers  of  the  waveguide  type  (Fig.  6.2)  the  cylindri- 
cal piezo  element  is  mounted  on  the  waveguide  and  rigidly  attached 
to  it.  The  distance  between  the  free  end  of  the  waveguide  and 
the  piezocell  must  be  no  less  than  half  the  length  of  the  pulse 
in  the  material  of  the  waveguide  in  order  that  a reflected  pulse 
not  be  superimposed  on  a direct  one.  It  is  necesary  to  create 
a good  acoustical  coupling  between  the  waveguide  and  the  screen- 
ing tube.  For  this  it  is  sufficient,  for  example,  to  wind  the 
waveguide  with  a half  millimeter  wool  thread  at  a spacing  of 
1 cm.  The  stuffing  box  at  the  working  end  of  the  waveguide 
blocking  wa  ter  from  entering  the  screening  tube  and  at  the  same 
time  not  creating  a strong  acoustical  connection  between  the 
screening  tube  and  the  waveguide,  is  an  important  element.  The 
absence  of  transmission  of  compression  pulses  to  the  waveguide 
when  a metal  object  strikes  the  screening  tube  and  the  end  of  the 
stuffing  her  pmrv»s  as  a measure  of  the  smallness  of  this  connec- 
t.  i .>n.  A sk-.' ■ f a stuff Inn  box  is  shown  In  Pig.  6.3. 
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Fig.  6.3.  Sketch  of  stuffing  box. 

1 - Union  nut;  2 - moveable  sleeve;  3 - rubber  ring;  ft  - end  of 
waveguide. 

Calibration  of  receivers  of  the  first  type  may  be  performed 
in  air,  for  example  by  the  action  of  stepwise  pressure  pulses 
of  known  value  on  the  piezocell.  For  this  the  piezocell  is  placed 
in  a chamber  of  as  small  diameter  as  possible,  separated  with  the  aid 
of  a breakable  diaphragm  from  a chamber  of  large  volume  in 
which  there  is  air  under  a known  pressure. 


Fig.  6. ft.  Sketch  of  calibrating  device. 

1 - insertion  openinr;  2 - larre  chamber;  3 - small  chamber;  ft  - film 
dividing  the  chambers;  5 - pressure  receiver  to  be  calibrated; 

6 - knife  cutting  film  upon  the  rotation  of  nut  8;7  - ring-shaped 

pi  1 for  *,r"  ■:  •-♦••I  r.  •*  •••ncl  1 lo graph. 
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Pig.  6.4  shows  a sketch  of  a device  for  calibrating  pressure 
receivers  of  the  first  type.  Pig.  6.5  shows  an  example  of  a 
pressure  oscillogram  recorded  during  calibration.  The  damped 
oscillations  superimposed  on  the  exponential  component  of  the 
electrical  voltage  are  seen  in  the  oscillogram.  These  oscilla- 
tions are  connected  with  the  transition  process  which  appears 
when  the  diaphragm  breaks.  These  oscillations  must  be  averaged 
in  determining  the  sensitivity  of  the  receiver.  The  constant 
of  the  exponent  is  determined  by  the  size  RC  of  the  receiving  chan- 
nel . For  a piezocell  of  1000  nf  capacitance  and  the  input 
resistance  cf  an  10-4  oscillograph  it  amounts  to  around  10  msec. 

A typical  value  of  the  sensitivity  of  receivers  of  the  first  type 
with  a piezocell  sheathed  with  a filling  of  epoxy  resin  is 
usually  around  C.3  V/atm. 

It  Is  convenient  to  perform  calibration  of  waveguide  receiver 
by  the  method  cf  rod  collisions.  For  the  calibration  a rod-calibra^ 
tor  is  made  of  the  same  material  as  the  waveguide.  The  ends  of 
the  waveguide  and  the  rod  are  polished  so  that  the  maximum  pressure 
upon  collision  Is  reached  as  rapidly  as  possible. 


Fig.  6.5.  Calibration  oscillogram  for  a hydrophone. 


The  maximum  pressure  acting  on  the  ends  of  the  waveguide  and 
rod  is  determined  according,  to  the  formula 

p = pc4-. 

(6.1) 
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where  pc  is  the  wave  resistance  of  the  material  of  the  rod  and 
the  waveguide;  v is  the  collision  speed  determined  according  to 
the  formula 


(6.2) 


where  g is  the  acceleration  of  the  force  of  gravity;  h is  the 
height  from  arhich  the  rod  is  dropped. 


The  length  of  the  rod  is  chosen  so  that  the  maximum  pressure 
at  the  point  of  contact  of  the  rod  with  the  waveguide  is  set 
during  the  collision.  Usually  the  setting  time  for  steel  rods 

_c 

2 mn  in  diameter  is  around  10  sec.  Fig.  6.6  shows  an  example  of 
a calibration  oscillogram  for  a waveguide  receiver. 


Fig.  6.6.  Calibration  oscillogram  cf  a waveguide  receiver. 


The  first  pressure  pulse  arising  upon  the  collision  of  the  rods, 
and  the  rarefaction  pulse  following  it  reflected  from  the  free 
end  of  the  waveguide,  are  seen  in  the  oscillogram.  In  order  to 
separate  these  pulses  it  is  necessary  to  move  the  piezocell  from 
the  free  end  of  the  waveguide  to  a distance  greater  than  the 
length  of  the  rod.  Sometimes  small  disturbances  caused  by  the 
rcfVmt  i '■•n  < r pulser  nasr.lnr-  alor.r  the  waveguide  from  nonuni  formi- 
ty  of  the  si->,ss  section  of  the  waveguide  caused  by  the  pjosocell 
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are  seen  on  oscillograms.  The  sensitivity  of  waveguide  receiver 
amounts  to  several  hundredths  of  a volt  in  the  atmosphere. 

The  accuracy  of  measuring  pressure  with  receivers  of  the 
types  described  above  is  103. 


Section  2.  Discharges  corresponding  to  a spherical  model. 

The  function  f(x)  (curve  1,  Fig.  3.12),  corresponding  to 
an  approximation  of  the  power  of  an  isosceles  triangle,  was  used 
for  integrating  the  system  of  equations  (5.1*0  describing  the 
expansion  of  the  channel  of  a spherical  model. 

The  initial  conditions  were  chosen  out  of  the  following  con- 
siderations. 

The  photcgr'ams  of  channel  expansion  examined  show  that  the 
initial  values  of  the  channel  radius  and  the  rate  of  its  expansion 
are  at  least  one  order  of  magnitude  smaller  than  the  characteristic 
values  of  these  quantities  in  the  discharge  process.  Therefore, 
numerical  integration  of  system  (5.1*<)  was  performed  for  different 
initial  values  of  yQ  and  Zq,  small  in  comparison  with  unity.  It 
proved  to  be  the  case  that  an  arbitrary  selection  of  the  initial 
values  of  these  quantities  does  not  have  a significant  influence 
on  the  results  of  integration  under  the  condition  that  yQ<  1 and 
z0<  1 . Physically  this  is  explained  by  the  fact  that  the  law  of 
channel  expansion  is  determined  chiefly  by  the  conditions  of  energy 
release  in  the  channel,  and  not  by  the  initial  conditions.  The 
results  of  a calculation  for  yQ  = 0.03  and  Zq  = 0.00001  are  presen- 
ted below. 

Table  6.1  gives  values  of  the  functions  necessary  for  calcula- 
ting the  hydrodynamic  characteristics  according  to  formulas  (5.16) — 
(5.22). 
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We  recall  that  y(x),  g • f(x)/y2,and  X * (f(x)/y^>—  z2/2y 
represent  the  time  dependences  of  the  channel  radius,  pressure 
in  the  compression  pulse, and  pressure  in  the  channel  in  dimen- 
sionless form. 

The  results  of  the  calculation,  presented  in  Table  6.1, 
also  are  depicted  In  Figures  6.7,  6.8,and  6.9  by  curves  1.  As 
was  mentioned  in  Section  2 of  Chapter  III,  the  normalized  func- 
tions of  enerpy  release  f(x)  differ  somewhat  from  each  other.  The 
difference  between  them  is  approximately  the  same  as  that  between 
the  curves  obtained  as  a result  of  integration  of  the  time 
dependencies  of  power,  approximated  by  an  isosceles  triangle  and 
a triangle  the  height  of  which  is  displaced  from  the  refer- 
ence point  along  the  x axis  by  one-third  of  the  base. 

TABLE  6.1  , 


• 

Xu) 

f 

* 

s 

l 

0 

0 

0 

0 

0 

0 

•.1 

0,020 

o.nw 

0,178 

0,032 

2.53 

0.2 

0,0*0 

0.119 

0,310 

0,831 

1.91 

0.3 

0.180 

0,210 

0.428 

0,978 

1.03 

0,4 

0,320 

0,314 

0,540 

1.09 

1.45 

o.s 

0.500 

0,429 

0,045 

1.20 

1.83 

0.0 

0,080 

0,551 

0,740 

1.52 

1.15 

0.2 

o.wn 

0,071 

0,843 

1.15 

0.92 

0.8 

0.920 

0,781 

0.9115 

1.05 

0,73 

0.9 

0,080 

0,881 

1,020 

o,93ar 

0,50 

1.0 

•1,000 

0.9G8 

1,100 

0.821 

0.43 

In  order  to  explain  what  the  degree  of  applicability  of  the 
approximation  of  the  function  f(x)  used  is.  Figs.  6.7,  6. 8, and  6.9 
represent  graphic  depictions  of  the  curves  2 of  the  functions  y(x), 
(f(x)/y^)— "2/2.v\ arid  f(x)/y2,  calculated  with  the  use  of  an 
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approximation  of  the  power  curve  by  a non-isosceles  triangle. 

In  Fig.  6.7  it  is  obvious  that  y(x)  where  x ■ 1,  that  is,  when 
t » T,is  close  to  1.1  with  any  of  the  approximations  of  f(x) 
taken  and,  consequently,  to  within  this  coefficient^  according 
to  (5.16), the  radius  of  the  channel  at  the  end  of  the  discharge 
is  equal  to  RQ. 

In  exactly  the  same  way  the  function  f(x)/y2  is  not  very 
sensitive  to  the  choice  of  approximation.  At  the  maximum  it  is 
equal  to  approximately  1.2—  1.3.  Thus,  the  maximum  pressure  in 
the  compression  pulse,  according  to  (5.12),  is  equal  to  the 
product  of  this  coefficient  by  the  value  pqRq/t  r,  determined  by 
the  square  of  the  mean  rate  of  expansion  of  the  channel,  taking 
account  of  the  spherical  divergence. 

In  contrast  to  the  dimensionless  radiu3  and  the  pressure 
In  the  compression  pulse,  the  pressure  in  the  channel  proves  to 
be  highly  dependent  on  the  choice  of  approximation  for  f(x)  in 
the  case  of  small  values  of  the  arguments  (x<0.2)  due  to  the 
presence  of  the  term  f(x)/y^  in  the  expression  for  the  pressure 
in  the  channel.  This  factor  makes  calculation  of  the  pressure 
in  the  channel  at  the  beginning  of  the  discharge  unreliable  and, 
in  particular,  does  not  permit  determining  the  maximum  pressure 
possible  in  the  channel.  In  view  of  this  the  pressure  in  the 
channel  was  calculated  using  other,  more  precise  approximations  of 
f(x)  for  a spherical  model  of  a discharge.  An  approximation  of 
the  experimental  dependence  of  energy  on  time  with  a tenth  power 
polynomial  was  taken  as  the  first  such  approximation.  The  result 
Is  shown  in  Fig.  6.8,  curve  3.  In  the  same  place  curve  4 shews 
the  pressure  In  the  channel  calculated  according  to  f(x),  obtained 
from  an  approximation  of  the  power  curve  by  a compound  curve:  by 

the  parabola  to  x * 0.3  and  by  an  isosceles  triangle  from  x ■ 0.1  to 
x * 1.  On  the  basis  of  the  data  obtained  it  is  possible  to  conclude 
that  the  maximum  value  of  the  dimensionless  function  determining 
the  pressure  in  the  channel  is  close  to  2. 
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It  Is  necessary  to  know  the  value  of  the  integral  in  formula 
(5.23)  in  order  to  determine  the  amount  of  efficiency.  Calcula- 
tions show  that  for  any  of  the  approximations  of  f(x)  used  this 
integral  is  practically  equal  to  unity. 
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Now  we  shall  present  several  examples  of  the  calculation  of 
the  hydrodynamic  characteristics  of  discharges,  the  parameters 
of  which  are  given  in  Table  3.5. 


Pig.  6.7.  Dimensionless  radius  of  a 
channel  as  a function  of  time. 

Curve  1 corresponds  to  an  approximation 
of  the  energy  release  conditions  by  the 
function  f(x),  formula  (3.1)5  curve  .2 — 
by  the  function  f^(x)  (formula  3.2). 


Pig.  6.8.  Dimensionless  pressure  in  a 
channel  as  a function  of  time. 

Curves  1,  2 and  3,  4 correspond  to  an 
approximation  of  the  energy  release 
conditions  by  the  functions  f(x),  and 
fx(x)  and  empirical  relationships 

respectively. 


Pig.  6 5.  Dimensionless  profile  of 
the  pressure  in  a compression  wave 
radiated  by  a channel. 

Curves  1 and  2 correspond  to  an 
approximation  of  the  energy  release 
conditions  bv  th**  functions  f(x)  and 
fj(x). 


/ - 
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As  Is  seen  from  the  Table,  discharees  Nos.  1,  2 and  3 satisfy 
the  condition  of  applicability  of  the  model  of  a spherical  dis- 
charce  (2-<Rq<A);  discharge  No.  4 Is  at  the  limit  of  applica- 
blltiy  of  this  model. 

Discharges  Nos.l,  2, and  3 were  produced  on  the  surface  of 
a rigid  plate  on  electrodes  made  flush  with  its  surface;  the 
shape  of  the  channel  in  the  discharge  process  in  these  cases  is 
close  to  hemispherical,  which  must  be  considered  in  a calcula- 
tion (see  the  footnote  at  the  end  of  Section  2 of  Chapter  V). 
Discharge  Mo.  1 was  initated  with  a corona  discharge  in  the 
electrode  gap  created  by  an  auxiliary  electrode.  In  this  case 
in  a gap  of  l * C.3  cm  for  50*10^  sec,E  ■ 510  J of  energy  was 
released.  By  using  formulas  (5.16)— (5. 22 ) and  Table  6.1  we 
obtain  that  the  radius  of  the  channel  at  the  end  of  the  discharge 
was  R * 1.2  cm,  which  means  that  the  mean  rate  of  its  expansion 
is  equal  to  U * 2.fc*10l4  cn/sec.  The  pressure  In  the  discharge 
channel  P reached  approximately  1000  atm. , and  the  maximum  pres- 
sure in  the  compression  wave  at  a distance  of  50  cm  from  the  dis- 
charge was  13  atm;  a theoretical  profile  of  the  compression  wave 
is  depicted  in  Fig.  6.10  by  curve  1.  Curve  2 in  the  same  figure 
shows  the  experimentally  determined  shape  of  the  signal.  The 
broken  nature  of  this  curve  is  due,  evidently,  to  the  excitation 
of  oscillations  of  the  reflecting  plate  and  the  pressure  pickup 
under  the  action  of  the  compression  pulse.  The  energy  of  the 
compression  wave,  according  to  formula  (5.28),  is  approximately 
12*  of  the  energy  released  In  the  channel. 

Fig.  6.11  shows  the  distribution  of  the  hydrodynamic  velocity 
v in  the  compression  wave  calculated  according  to  formula  ,(5.21). 
Curves  1 and  2 of  the  figure  correspond  to  the  first  and  second, 
terms  in  this  formula. 

Fig.  6.12  shows  the  time  dependences  of  the  energy  of  the 
plasma  in  the  channel,  the  expansion  work  A, and  the  acoustic  energy 
removed  by  th‘>  compression  wave  A calculated  according  to  the 
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Pig.  6.10.  Dependence  of  the  pressure 
in  a compression  pulse  on  time  for 
discharge  Ho.  l,  Table  3.5. 


Fig.  6.11.  Distribution  of  hydro- 
dynamic velocity  in  the  compression 
wave,  the  pressure  profile  of  which  is 
shown  in  6.10. 


Pig.  6.12.  Energy  balance 
for  discharge  No.  1. 

W is  the  emitted  acoustic 

SC 

energy;  A is  the  expansion 
work  of  the  channel;  W is 
the  intrinsic  energy  in  the 
channel;  F(x)  is  the  total 
energy  released  in  the 
channel.  The  sum  of  A and 
W is  represented  by  the 
dotted  curve. 


formulas  (5.18),  (5. 19), and  (5.22),  and  also  the  time  dependence 
of  the  energy  released  in  thp  channel,  assuming  for  purposes  of 
calculation  E(x)  = f(x)E. 


The  sum  W + A is  represented  by  the  dotted  line  and  its 
difference  from  E(:<)  characterises  the -error  of  calculation  re- 
sulting fro.-;  to-.,  appro :•  1 -.at • nature  of  the  solution  of  the  initial 
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energy  balance  equation.  As  Is  seen  the  amount  of  error  does 
not  exceed  20?. 

Discharges  Nos. 2 and  3 differ  from  discharge  No.  1 by  the 
•mailer  length  of  the  discharge  gap,  which  broke  down  directly 
with  the  working  voltage.  As  Is  seen  from  Table  j.5*  376  J of 
energy  was  released  In  discharge  channel  No.  2 after  30*10”^  sec. 

The  channel  radius  at  the  end  of  the  discharge  was  equal  to 
R *•  0.9  cm,  the  characteristic  rate  of  expansion  of  the  channel 
was  U * 2. 8 *10 4 cm/sec  and  the  maximum  pressure  in  the  channel 
P *»  1600  atm.  The  maximum  pressure  in  the  compression  wave  p 
at  a distance  of  100  cm  from  the  discharge  was  approximately  equal 
to  8 atm.  A profile  of  the  compression  wave  at  this  distance  is 
3hown  in  Fig.  6.13.  Curve  1 is  theoretical  and  curve  2 experimental. 
The  energy  of  the  compression  wave  is  around  13?  of  the  energy 
released  in  the  channel. 

The  hydrodynamic  characteristics  of  discharge  No.  3 are  close 
to  those  cited  above  for  discharge  No.  2.  A profile  of  the  com- 
pression wave  at  a distance  of  100  cm  from  this  discharge  is  shown 
in  Fig.  5. 14.  The  calculated  electroacoustic  efficiency  of  the 
discharge  is  13?,  and  the  efficiency  determined  according  to  the 
experimentally  recorded  signal  shape  is  10?. 

In  conclusion  we  shall  examine  discharge  No.  4 (Table  3.5) 
which  differs  by  the  great  amount  of  energy  stored  in  the  conden- 
sors— 169  kJ  [1].  The  discharge  was  initiated  with  a wire  7.5  cm 
long.  The  discharge  duration  and  the  amount  of  energy  released 
in  the  channel  are  not  mentioned  in  II].  If  we  assume  that  all 
the  energy  of  the  condennor  battery  was  released  during  a time 
of  400*10  ^ sec  in  agrreement  with  the  experimental  duration  of 
the  compression  wave,  then  for  a discharge  Mo.  4 v.e  obtain: 

R 7.5  crrv,  U * 1.7*10**  cm/sec,  P » 600  atm,  p » ?6  atm,  and  the 
efficiency  is  9?.  Theoretical  (curve  1)  and  experimental  (curve  2) 
profiler,  of  the  compression- wave  at  a distance  of  90  cm  from  the 
discharge  are  shuv.’n  in  Fig.  6.15. 
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The  dependences  of  the  maximum  pressure  in  the  compression 
pulse  on  the  initial  voltage  and  on  the  capacitance  of  the  conden- 
ser battery,  expressed  by  the  number  of  condensers  in  the  battery, 
were  calculated  for  the  same  discharge.  The  theoretical  dependence 
of  the  maximum  pressure  on  voltage  is  shown  in  Pig.  6.16  by  the 
solid  line;  the  results  of  measurement  are  indicated  with  crosses. 


•.I* 


Pig.  6.13.  Compression  wave  pressure 
profiles  for  discharge  No.  3. 


Pig.  6.14.  Theoretical  (1)  and  experi- 
mental (2)  compression  wave  pressure 
profiles  for  discharge  No.  3. 


Pig.  6.15.  Theoretical  (1)  and  ex- 
perimental (3)  compression  wave  pressure 
profiles  for  discharge  No.  4. 


The  solid  line  in  Fig.  6.17  depicts  the  dependence  of  the  maximum 
pressure  in  the  compression  pulse  on  the  number  of  condensers  in 
the  battery;  experimental  data  are  indicated  with  the  crosses  and 
circles.  ' 

l/o  shall  now  turn  our  at  tent  ion  to  a factor  common  to  all 
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Fig.  6.16.  Dependence  of  maximum  pressure  In  the  compression 
pulse  on  the  initial  voltage.  Solid  line— theoretical  dependence; 
Circles — experimental  data. 


Fig.  6.17.  Dependence  of  maximum  pressure  in  the  compression 
pulse  on  condenser  capacitance. 


cases  examined.  While  the  absolute  value  of  the  maximum  pressure 
in  compression  pulses  is  in  quite  good  agreement  with  the  calculated 
value,  it  is  impossible  to  say  this  relative  to  the  final  stage 
of  the  compression  pulses.  Here  it  is  always  observed  that  the 
calculated  pressure  significantly  exceeds,  by  approximately  two 
times, the  experimental  pressure  for  corresponding  moments  of  time. 
Rapid  cooling  of  the  plasma  in  the  discharge  channel  may  be  a 
possible  cause  of  the  phenomenon. 


Section  3.  Discharges  Corresponding  to  a Short  Cylinder 

Model.* 

In  order  to  go  from  spherical  discharges  to  discharges 
corresponding  to  a short  cylinder  model,  it  Is  necessary  to  increase 
the  length  of  the  channel  so  that  it,  while  remaining  shorter  than 
the  length  of  the  compression  pulse,  exceeds  the  radius  of  the 
channel.  Discharges  Nos. 5-10  in  Table  3.5  satisfy  these  require- 
ments. The  relatively  great  length  of  the  channels  of  these  dis- 
charges, while  still  remaining  shorter  than  the  emitted  compression 
pulse.  Is  achieved  as  a result  of  using  relatively  low  voltage  dis- 
charger, with  a working  pressure  of  several  kilovolts,  initiated 
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with  thin  tungsten  wires  0.0*1  mm  in  diameter.  All  discharges 
mentioned  were  produced  In  free  space , that  Is,  far  from  the 
tank  walls  and  without  the  use  of  any  reflecting  elements.  The 
electrodes  had  a small  diameter  In  comparison  with  the  length  of 
the  compression  pulse  and  could  not  Introduce  any  significant 
distortions  In  the  acoustic  field  created  by  the  discharge. 

The  acoustic  field  created  by  discharges  corresponding  to  a 
short  cylinder  model  no  longer  have  spherical  symmetry;  the  com- 
pression pulse  emitted  by  the  channel  in  the  longitudinal  direc- 
tion relative  to  the  channel  axis  is  of  less  amplitude  and  greater 
duration  than  for  the  transverse  direction  due  to  the  spatial  lag 
of  the  disturbances  created  by  separate  sections  of  the  channel. 
Therefore,  comparison  of  experimental  and  theoretical  results  will 
be  performed  for  the  direction  perpendicular  to  the  axis  of  the 
channel.  The  results  of  numerical  Integration  of  system  (5.39) 
are  no  longer  completely  universal,  as  it  was  in  the  case  of 
spherical  discharges.  Universality  la  lost  because  of  the  presence 
of  the  ratio  Z/RQ, occurring  after  the  logarithm  sign.  In  the  first 
equation  of  system  (5.39).  However,  the  slight  dependence  of  the 
solution  of  system  (5.39)  on  the  ratio  Z/R  makes  It  possible  to 
apply  the  results  of  integration  obtained  for  a specific  value  of 
this  ratio  to  discharges  with  another  value  of  Z/RQ  without  sig- 
nificant error.  The  results  of  Integration  of  system  (5.39)  for 
Z/R0  ■ 6,  yQ  ■ 0.1, and  ■ 0 are  presented  In  Table  6.2.  The 

experimentally  investigated  discharges,  corresponding  to  a short 
cylinder  model,  had  a value  of  Z/RQ  close  to  that  indicated 
above.  As  In  the  case  of  spherical  discharges,  an  arbitrary  choice 
of  the  initial  value  of  yg  under  the  condition  that  yQ<  1 has  an 
Insignificant  Influence  on  the  results  of  calculation. 

The  function  y(x)  Is  shown  In  Fig.  6.18  by  the  solid  line  and 

the  symbols  here  refer  to  the  experimental  dependences  of  the 
channel  radiu3  on  time,  recorded  qn  an  RFR-1  high  speed  photographic 
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recorder  and  reduced  to  dimensionless  form. 


TABLE 
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0,836 
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Fip.  6.18.  Dimensionless  channel 
radius  as  a function  of  time. 

Solid  curve  - theoretical  depen- 
dence; symbols  - experimental  data 
for  discharges  Mo.  5,  6,  8,  9 
Table  3.5. 

Fip;.  6.19.  Dimensionless  pressure 
in  the  channel  as  a function  of 
time . 

Fir.  6,?0.  Dimensionless  pressure 
on  the  compression  wave. 
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Graphs  of  the  functions  [f(x)/y2— z2/2y2J  and  f(x)/y2ln(Z/R07) , 
characterizing  the  shape  of  the  radiated  compression  pulse  In  the 
direction  perpendicular  to  the  channel  axis  and  the  pressure  in 
the  channel  In  relation  to  time  are  plotted  In  Pigs.  6.19  and  6.20. 
These  functions  must  be  multiplied  by  the  corresponding  dimensional 
coefficients  according  to  formulas  (5. $2)  and  (5.$5)  in  order  to 
obtain  absolute  values  of  the  hydrodynamic  quantities. 

We  note  that  the  dimensionless  functions  depleted  In  Pigs. 

6.18,  6.19  and  6.20  are  little  sensitive  to  the  choice  of  the 
approximation  for  f(x)  both  in  the  case  of  the  short  cylinder 
under  consideration  as  in  the  case  of  a long  cylinder  which  will 
be  examined  In  the  next  section. 


Pig.  6.21.  Theoretical  (1)  and  experimental  (2)  compression 
wave  pressure  profiles  for  discharge  Mo.  7, Table  3.5  in  the  direc- 
tion perpendicular  to  the  channel  axis. 


Pig.  6.22.  Theoretical  (1)  and  experimental  (2)  compression  wave 
pressure  profiles  for  discharge  No.  10,  Table  3.5  in  the  direction 
perpendicular  to  the  channel  axis. 

We  shall  now  give  some  examples  of  the  calculation  of  the 
hydrodynamic  characteristics  of  discharges  corresponding  to  a 
short  cylinder  model.  For  discharge  No.  7 we  have  (see  Table  3*5) • 
length  of  the  discharge  gap  Z ■ 6 cm,  discharge  duration  t ■ 53*10”^ 
enerry  released  F.  ■ 2260  J.  Using  the  formulas  in  Section  3 of 
Ch’.'p*'"  V .Mid  6.;*  v:<  obtain  1 hut  the  '•■h'lr.nel  radius  at  t h«*  end 
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the  discharge  R * 0.9  cm,  the  characteristic  rate  of  expansion 
0 * 1,8* 10*  cm/sec,  and  the  pressure  in  the  channel  reaches  a 
value  of  P * 1200  atm.  The  maximum  pressure  in  the  compression 
wave  in  the  perpendicular  direction  at  a distance  of  100  cm  from 
the  channel  amounts  to  P » 12  atm.  A profile  of  the  compression 
wave  at  this  point  is  shown  in  Pip,.  6.21. 

The  electroacoustic  efficiency  of  a discharge  may  be  calcu- 
lated according  to  formulas  (5.^6)  and  (5.1*7)  if  we  bear  in  mind 
that  the  integrals  in  these  formulas,  calculated  according  to 
the  data  in  Table  6.2,  respectively  are  * 0.83»  J2  * ^.6. 

For  discharge  No.  7 we  obtain:  r'theor  ■ 1*»5;  hex  » 12*.  As  a 
second  example  we  shall  examine  discharge  No.  10.  The  great 
power  of  discharge  No.  10  in  comparison  with  discharge  No.  7 is 
achieved  with  the  use  of  a low  inductance  discharge  circuit  (IMM- 
5-150  condenser  and  a supply  circuit  of  seven  parallel  type  RK-6 
cables  120  cm  long)  and  with  the  use  of  a channel  up  to  '3  cm  in 
length,  which  shortened  the  duration  of  the  discharge  to 
3*10“^  sec  with  almost  the  same  amount  of  total  energy  released 
in  the  channel — approximately  equal  to  2500  J as  in  the  case  of 
discharge  No.  7.  The  channel  radius  at  the  end  of  the  discharge 
R ■ 0.8  cm,  the  characteristic  rate  of  its  expansion  U » 2.9*10l1 
cm/sec  and  the  maximum  pressure  in  the  channel  P ■ 3000  atm. 

The  peak  pressure  in  the  compression  wave  at  a distance  of 
100  cm  fron  the  discharge  in  the  direction  perpendicular  to  the 
channel  axis  p **  l1*  atm.  A profile  of  the  compression  wave  at 
this  point  of  observation  is  shown  in  Fig.  6.22. 

It  is  obvious  that  the  experimentally  recorded  shape  of 
the  profile,  as  opposed  to  the  theoretical  shape,  has  a shock 
front  and  a higher  peak  pressure.  Several  possible  causes  of 
this  difference  may  be  mentioned. 

In  the  first  place,  for  discharge  No.  10  the  ratio  Z/R  is 

approximately  i v;o  tinea  loos  than  the  value  of  this  parameter 


taken  In  calculating  Table  6.2  to  be  used  for  calculation.  This 
circumstance  led  to  an  underestimation  of  the  calculated  amount 
of  pressure  In  the  compression  wave  of  approximately  1.2. 

In  the  second  place,  the  form  of  the  function  f(x)  used  In 
the  calculation  only  roughly  approximates  the  real  law  of  energy 
release. 

Further,  the  higher  value  of  the  effective  adiabatic  Index 
In  comparison  with  the  mean  value  y “ 1.26  used  In  calculation 
corresponds  to  the  comparatively  high  pressures  and  temperatures 
In  discharge  channel  No.  10.  As  Is  clear  from  the  formula  for 
the  pressure  In  a compression  pulse,  higher  pressures  correspond 
to  higher  values  of  y.  This  Is  another  reason  why  the  calculated 
compression  pulse  turns  out  to  be  smaller  than  the  experimental 
value. 

The  hydrodynamic  characteristics  of  discharge  No.  10,  as  of 
all  preceding  ones,  were  calculated  under  the  assumption  of  a 
alow  rate  of  channel  expansion  in  comparison  with  the  speed  of 
sound.  An  estlrate  of  the  rate  of  expansion  as  the  ratio  Rq/t 
gives  for  discharge  No.  10  a value  of  0.2Cq  , where  Cq  is  the 
speed  of  sound.  Judging  by  the  experimental  results  for  such 
rates  of  channel  expansion  it  is  already  necessary  to  take  account 
of  the  compressibility  of  the  liquid  in  calculating  the  channel 
expansion  and  to  consider  nonlinear  effects  in  describing  the 
propagation  of  compression  pulses.  In  Section  V we  shall  compare 
the  results  of  a calculation,  performed  taking  account  of  nonlinear 
effects,  with  experimental  data  obtained  for  discharge  No.  10. 

Discharge  No.  10  ha3  one  more  peculiarity.  As  an  analysis 
of  the  photograms  showed,  the  rate  of  expansion  of  the  sections 
of  the  channel  near  the  electrodes  is  higher  than  in  the  central 
part  of  the  channel.  Time-lapse  filming  with  the  SFR-1  revealed 
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that  the  shape  of  the  channel  of  discharges  with  a short  channel 
length  resembles  a dumbbell  formed  by  the  merging  spherical 
electrode  sections.  Pig,  3«15  shows  one  of  the  frames  of  a photo- 
graph of  this  type  of  channel  corresponding  to  the  final  stage 
of  the  discharge. 


Section  1».  Discharges  Corresponding  to  a Long  Cylinder 

Model. 

High  voltage  discharges  fed  from  storage  devices  of  compara- 
tively low  capacitance  usually  correspond  to  long  cylinder  models. 

The  working  voltages  amount  to.no  less  than  several  tens  of  kilovolts, 
the  condenser  capacitarce  is  on  the  order  of  several  microfarads, 
the  length  of  the  electrode  gap  is  no  less  than  several  centimeters, 
and  the  inductance  is  several  microhenries. 

With  such  parameters  of  the  discharge  circuit,  as  is  shown 
by  experiment,  the  discharge  proceeds  in  close  to  critical  condi- 
tions. The  length  of  the  compression  pulse  radiated  in  the  direc- 
tion perpendicular  to  the  channel  axis  does  not  exceed  the  length 
of  the  channel,  and  the  radius  of  the  channel  at  the  end  of  the 
discharge  Joes  not  exceed  the  length  of  the  compression  pulse, 
that  is,  the  inequality  R<  X < lt  characteristic  of  a long  cylinder 
model,  is  fulfilled. 

Discharges  of  this  type  in  poorly  conducting  water  are  initi- 
ated by  the  hirh  voltage  breakdown  of  the  electrode  gap,  and  in 
highly  conducting  water  by  wire  bridges. 

Discharges  corresponding  to  a long  cylinder  model  create  a 
spatially  very  nonuniform  acoustic  field:  the  shape  of  the  emitted 

compression  pulse,  Its  duration’  and  amplitude,  greatly  depend  on 
the  angle  between  the  axis  of  the  channel  and  the  direction  to  the 

point  of  o!  .-••rvnt * or. . 
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ie  shall  now  turn  to  sn  examination  of  the  results  of  the 
numerical  integration  of  system  (5.52).  A solution  of  this  system, 
as  In  the  case  of  a short  cylinder,  depends  on  the  parameter 
characterizing  the  geometry  of  the  model,  in  the  given  case  on 
the  value  ct/Rq  ■ a. 

TABLE  6.3 
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Fig.  6.23.  Dimensionless  channel  radius  as  a function  of  time. 
Fig.  6. 21) .%  Dimensionless  channel  pressure  as  a function  of  time. 
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However,  this  dependence  is  not  great,  since  this  parameter  also  is  found| 
under  the  logarithm  sign.  Changing  it  by  two  times  causes  practi- 
cally no  change  in  the  solution  of  system  (5.52).  Integration  of 
the  system  (5.52)  was  perfomed  for  the  initial  vlaues  yQ  * 0.03  and 


0.01. 


The  value  2ct/Rq  is  chosen  as  equal  to  10  in  agreement 


with  difficult  experimental  results. 

Table  6.3  presents  values  of  the  dimensionless  functions 
y(x),  tf(x)/y2—  z2/2y2l  ,and  f (r.)/y2ln  (2cTx/RQy) , characterizing 
the  time  dependence  of  the  channel  radius,  the  pressure  in  the 
compression  pulse  radiated  by  the  channel  in  the  transverse  direc- 
tion, and  the  pressure  in  the  channel.  These  functions  are  repre- 
sented graphically  in  Pigs.  6.23,  6.2U  and  6.?5. 


Pig.  6.25.  Dimensionless  profile  of  the  pressure  in  the  direction 
perpendicular  to  the  channel  axis. 

Pig.  6.26.  Calculated  (1,  3)  and  experimental  (2,  4)  compression 
wave  profiles  for  discharge  Ho.  16  in  the  directions  perpendicular 
(1,  3)  and  longitudinal  (2,  4)  to  the  channel  axis. 


Discharge  Ho.  16  (see  Table  3.5)  is  a discharge  corresponding 
to  a long  cylinder  model. 
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In  this  case  an  energy  of  E * 160  J was  released  In  a dis- 
charge channel  of  the  length  » 4.5  cm  after  5*10“^  sec.  The 

channel  radius  at  the  end  of  the  discharge  was  R * 0.16  cn,  the 

a 

rate  of  expansion  U ■ 3.3*10  cm/sec, and  the  aaxlmum  pressure  In 
the  channel  P » 2300  atm. 

Pig.  6.26  shows  the  shape  of  a compression  wave,  calculated 
1 and  measured  experimentally  2,  corresponding  to  the  direction 
perpendicular  to  the  channel  axis  and  to  a distance  equal  to 
100  cm  from  the  channel.  Calculated  3 and  experimental  4 compres- 
sion pulses  for  the  longitudinal  direction  also  are  shown  here. 

As  should  be  expected,  the  greatest  discrepancy  occurs  between 
the  theoretical  and  experimental  pulses  corresponding  to  the 
direction  perpendicular  to  the  axis  (respectively  24.5  and  8.1  atm), 
while  the  pulses  for  the  longitudinal  direction  do  not  differ  so 
significantly  (3.4  and  2.5  atm).  The  cause  of  the  great  difference 
between  the  theoretical  and  experimental  pulses  for  the  transverse 
direction,  as  was  mentioned.  Is  the  crookedness  of  the  channel  and, 
in  addition,  possibly,  the  Influence  of  the  increased  absorption 
due  to  the  quite  high  pulse  amplitude. 

We  calculate  the  electroacoustic  efficiency  of  discharge  No.  16 
according  to  formula  (5.65).  If  as  an  approximating  curve  for  the 
transverse  pulse  we  choose  a Gauss  curve  with  a constant  decay, 
equal  to  0.7i»  where  t is  the  discharge  duration,  then  n •>  29 f. 

The  experimental  value  of  the  electroacoustic  efficiency  Is  found 
in  the  following  way.  Oscillography  of  the  compression  pulses 
is  performed  for  different  angles  of  observation  relative  to  the 
channel  axis  and  the  compression  pulse  energy  per  unit  area  for 
each  direction  Is  determined.  Then,  considering  the  axial  symmetry 

of  the  compression  pulse  field,  the  energy  which  has  passed  through 

• 

the  spherical  belts  encompassing  the  chosen  directions  is  found. 

The  sum  of  these  energies,  relative  to  the  energy  released  in  the 
channel,  gives  the  experimental  value  of  the  electroacoustic  effi- 
ciency. Tisuallv,  the  experimental  value  of  the  efficiency  amounts 

to  lr,-',or\  Ar.  w.'u:  :v*-n  lri  examining  the  spherical  model  and  the 
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•hort  cylinder  model,  the  experimental  values  of  the  electro- 
acoustic efficiency  always  were  less  than  the  theoretical  values. 
In  the  case  of  a lone  cylinder  model  this  difference  is  much  more 
noticeable.  Here  again  the  effect  of  the  crookedness  of  the 
channel  adds  to  inaccuracy  of  calculation.  "Mis-phasing"  the 
elementary  compression  pulses  lowers  the  amplitude  of  the  compres- 
sion pulses.  In  this  case  the  area  of  the  combined  pulses  is 
retained,  but  their  energy  is  reduced  significantly  because  of 
the  quadratic  dependence  on  its  pressure.  Because  of  the  reduc- 
tion of  the  acoustic  part  of  the  work  performed  by  the  channel, 
the  kinetic  energy  of  the  diverging  flow  of  liquid  increases. 


Section  5-  Spherical  Model  of  a Discharge  with  High 
Rates  of  Expansion  of  the  Channel 

The  basic  equations  describing  a spherical  model  of  a dis- 
charge with  high  rates  of  expansion  of  the  channel,  when  it  is 
necessary  to  consider  the  influence  of  the  compressibility  of  the 
liquid,  were  presented  in  Section  5 of  the  preceding  chapter 
(formulas  5.68-5.7*0. 

In  this  section  we  shall  examine  the  results  of  numerical 
integration  of  these  equations.  In  integrating,  as  before  ,it  is. 
assumed  that  the  mode  of  energy  release  is  described  by  function 
(3.1),  corresponding  to  a "triangular"  approximation  of  the  dimen- 
slonless  power  f(x),  in  the  right  hand  part  of  equation  (5.68) 


/(*) 


4x 

4(1 -x) 
1 


(6.3) 


First-  of  all  we  note  that  the  system  of  equations  (5.68)-(5.71) 
describing  the  process  of  channel  expansion,  contains  one  dimension- 

loss  nnr.*> or — '!;•-•  number.  In  addition  to  this,  the  equation 

(5.7?)-(5.7;*)  di.-scribing  the  compression  waves  contain  another 


parameter — the  reduced  distance  to  the  point  of  observation  Rg/r. 
These  two  parameters  may  be  considered  to  be  similitude  criteria 
in  the  sense  that  all  discharges  corresoonding  to  a spherical 
model, taking  account  of  compressibility  characterized  by  identi- 
cal values  of  these  two  parameters,  are  described  by  identical 
equations.  This  circumstance  imparts  a certain  universality  to 
the  calculation. 

The  results  of  calculation  for  three  values  of  the  M number 
where  RQ/r  * 10  are  shown  in  Table  6,^  and  in  the  graphs  in 
Pigs.  6.27-6.29. 

Fig.  6.27  shows  the  dependences  of  the  dimensionless  channel 
radius  y * R/RQ  on  the  dimensionless  tine  x '■  t/r  for  A * 0.12 
(curve  1)  and  ’*  = 2 (curve  2).  . As  is  seen,  the  result  of  calcula- 
tion changes  little  with  a change  in  the  M number,  whfch  indicates 
that  the  influence  of  compressibility  is  small.  This  property  of 
the  calculation  also  is  manifested  in  calculating  the  pressure  in 
the  discharge  channel;  the  dimensionless  value  of  this  quantity 
«s  a function  of  the  dimensionless  time  for  M * 0.12  (1),  M * 1 (2), 
and  M ■ 2 (3)  is  shown  in  fig.  6.28. 

Pig.  6.29  shows  the  results  of  a calculation  of  the  function 
g(x)  which  plays  an  Important  role  in  calculating  the  compression 
wave  emitted  by  a discharge.  Actually,  the  pressure  In  a 
compression  wave  is  described  by  formula  (5.78),  *g{x), 

so  that  It  is  obvious  that  the  function  g(7)  characterizes  the 
profile  of  the  wave  radiated  by  a discharge. 

It  is  significant  to  note  that,  although  the  form  of  the  func- 
tion g(x),  as  is  seen  from  Pig.  6.29,  changes  comparatively  slightly 
with  an  Increase  in  the  M number,  which  points  to  the  insignificant 
influence' of  the  compressibility  of  water  on  the  process  of  the 
expansion  of  a channel  even  in  the  case  of  supersonic  rates  of  its 


-197- 


0,10 

0.1SC 

t.so 

2,49 

12.7 

.1,005 

o.» 

0.324 

1,29 

1.89 

12.8 

0.878 

0,30 

0.448 

1.19 

1.01 

12.9 

1,03 

0.40 

0,504 

M2 

M5 

13. 

1.10 

0.50 

0.073 

1.07 

1.32 

13.1 

1.27 

o.eo 

0.778 

1,W2 

1.15 

«.8 

1.3) 

0,70 

0,877 

0,902 

0,947 

13,3 

. 1.23 

0.80 

0.971 

0.903 

0,704 

13.4 

I.U 

0.80 

1.00 

0,845 

0,009 

13,5 

1,02 

0.00 

t.14 

0,792 

0,479 

13.0 

0.890 

i.t  ' 

1.22 

0.743 

0.382 

13.7 

0.790 

• »* 

1.20 

0.701 

0.343 

13.8 

' 0.715 

• »* 

1.3C. 

0,064 

0,202 

13,9 

0,022 

1.42 

0,632 

0,223 

14.0 

0,590 

1.48 

0.003 

0,193 

14.1 

0,551 

M-1,0 


1 j 1 fl^ A1  ~ I 


-1  ifl- 


m 

• 

V 

t 

it 

5 

M 

i.n 

O.CC3 

0.439 

2o3 

0.550 

1.1 

1.23 

o.rat 

0,37» 

2n6 

0.534 

1.2 

1.23 

0..W2 

0,314 

a« 

0,515 

<.4 

1.35 

0,550 

0.273 

210 

0.*>1 

1* 

1.40 

0,523 

0,211 

212 

0.170 

1.5 

1.45 

0.VH 

0,215 

214 

0,441 

l.t 

1.50 

o.s 

».19l 

215 

0,415 

i.t 

1.55 

O.VW 

0,177 

2t« 

0.291 

i.t 

1.50 

0,441 

0,tC2 

215 

0,375 

*.© 

1.41 

0.425 

0,149 

215 

0.J50 

expansion,  the  compression  wave  profile,  observed  at  a fixed 
distance  from  the  discharge,  changes  markedly  with  an  increase 
In  the  rate  of  expansion  of  the  channel. 

This  is  due  to  the  difference  in  the  process  of  the  propa- 
gation of  waves  of  low  amplitude  emitted  by  discharges  of  low 
Intensity,  and  of  waves  of  finite  amplitude  emitted  in  the 
case  of  near  or  supersonic  modes  of  channel  expansion. 

Formally  this  difference  is  due  to  the  fact  that  in  the 
ease  of  small  M numbers  the  time  t at  the  point  of  observation 
differs,  according  to  formula  (5.75) » from  x only  by  the  constant 

l*  R 

value  — , Identical  for  all  points  of  the  profile  and  consider- 

c0 

ing  the  time  of  wave  propagation,  '.n  this  case  the  wave  propagates 
without  changing  the  profile.  A graph  of  the  function  g(t)  where 
M • 0.12  and  r/RQ  * 10”?  is  shown  in  Fig.  6.30. 

With  an  increase  in  M the  connection  between  t and  x becomes 
different  (see  formulas  5.72  and  5.76],  for  different  values  of 
t the  propagation  tine  becomes  different,  whereby,  as  is  easily 
seen  from  formula  (5.^6),  a shorter  propagation  corresponds  to  a 
larger  g. 

As  a result,  the  wav'*  profile  is  highly  distorted.  This  case 

1:5  i!  1 i:.:t .1  t r.  (■.?,}  , wl.ere  a graph  *f  ii.-*  function  wi*  h 
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2 

M * 0.4  and  r/R q » 10  Is  shown. 

As  already  was- mentioned,  "entanglement"  of  the  profile 
signifies  the  formation  of  a shock  front,  the  position  of  which 
may  be  determined  approximately  according  to  the  rule  of  "equality 
of  areas"  [3J  (Pig.  6.31). 


Now  we  shall  use  the  theoretical  information  discussed  for 
describing  individual  experimental  results. 


Pig.  6.27.  Dimensionless  channel  radius 
as  a function  of  time. 


Pig.  6.28.  Dimensionless  pressure  In  a 
discharge  channel  as  a function  of  nine. 


Fig.  6.29.  Dimensionless  kinetic  enthalpy 
on  the  surface  of  an  expanding  sphere  as 
a function  of  time  where  M ■ 0.12  (1), 

M - 1 (2),  and  M - 2 (3). 


Let  us  examine  the  propagation  of  the  compression  wave  emitted 
by  dlscharr*  No.  10  (see  Table  3.5). 
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Pig.  6.30.  Dimensionless  kinetic 
enthalpy  at  the  point  of  observa- 
tion as  a function  of  tine  where 
K - 0.12. 


Pig.  6.31.  Dimensionles  kinetic 
enthalpy  at  the  point  of  observa- 
tion as  a function  of  tine  where 
M - O.U. 


Pig.  6.32.  Calculated  (2)  and 

experimental  (1)  profiles  of  the 
pressure  in  the  compression  wave 
fron  discharge  No.  i0,  Table  3.5. 


Alta 


Let  us  examine  the  propagation  of  the  compression  wave 
emitted  by  discharge  No.  10  (3ee  Table  3.5). 

The  signal  from  this  discharge,  in  th$  direction  perpendicular 
to  the  channel  axis,  recorded  with  a hydrophone  is  shown  in  Fig.  6.32* 
curve  1,  and  clearly  indicates  that  there  is  a shock  wave  at  the 
leading  edge  of  the  signal. 

The  characteristic  channel  radius  of  discharge  No.  10, Rq  * 0.837, 
is  small  in  comparison  with  its  length,  therefore  direct  application 
of  the  spherical  model  considered  in  this  section  is  inconvenient 
for  calculating  the  compression  wave  emitted  by  disenarge  No.  10. 

It  is  possible,  however',  to  examine  a discharge  equivalent  to 
discharge  No.  10  in  the  sense  that  it,  possessing  spherical  symmetry. 
In  all  directions  radiates  a compression  wave  of  the  sane  amplitude 
arid  lor*  d ' ■ li*i  j ■ No  JO  radiates  Jn  the  direction  perpendi- 

cular to  lh"  eh  mil'  1 a.-.Is , that  ■ , to  d •‘.•  r;.!r:e  the  charact  erist  ic  -1 
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dlus 


"2  *o* 

of  this  discharge  Rn  from  the  condition  p -y  • p — s-* 

o 2t2 


hence  1?Q  ■ 1.18  cm.  Assuming  according  to  Table  3.5,  t • 30.20  sec. 


we  obtain  M ■ ■ 0.26. 

CT 


The  result  of  integrating  equations  (5.68)-(5.7#),where 
M • 0.26  and  r/R.  • 10  ,is  shown  in  Pig.  6.32,  curve  2. 


As  is  seen, the  theoretical  profile  of  the  .compression  wave 
also  reveals  a .tendency  toward  increasing  the  steepness  of  the 
leading  edge.  In  conclusion  we  note  that  experimental  investi- 
gations of  electrical  discharges  in  liquid  have  been  conducted 
recently  by  a number  of  authors  (see,  for  example,  13-7)).  The 
data  on  the  hydrodynamic  characteristics  of  discharges  obtained 
in  these  studies  also  agree  with  the  results  of  calculation  con- 
ducted in  accordance  with  the  approximation  theory  presented  above. 


Section  6.  Comparison  of  Electrical  Discharges  in 
Water,  with  Underwater  Explosions 

The  results  presented  above  show  that  the  hydrodynamic  pheno- 
mena accompanying  electrical  discharges  to  a significant  degree 
are  similar  to  the  corresponding  phenomena  which  occur  in  the 
case  of  explosions  of  solid  explosives  in  a liquid  medium.  It 
is  of  interest  to  compare  the  quantitative  characteristics  of 
these  two  processes. 

We  shall  begin  with  the  energy  values.  Trinitrotoluene, 
the  energy  capacity  of  which  is  around  4200  J/g,  usually  is  used 
as  the  explosive.  The  constant  nature  of  energy  capacity  makes 
it  possible  to  characterize  the  energy  of  the  explosive  in  weight 
units.  The  range  of  variation  of  the  charge  weights  used  in 
practice  is  very  wide.  The  charge  weights  used,  for  example,  in 
oceanic  * on:: , In  in'inntrlsl  on;*!  noorlnf,  etc.,  ore 

measured  in  value;;  of  from  tens  of  grams  to  tons  of  kilograms. 

202 


In  energy  values  this  range  extends  from  several  tens  of  kilo- 
joules to  several  tens  of  megajoules.  In  view  of  the  small 
energy  capacity  of  condensers,  amounting  to  around  0.1  .J/cm^, 
it  is  difficult  to  create  discharges  of  great  energy.  The  maxi- 
mum .of  electrical  discharges  in  a liquid,  according  to  the  data 
in  the  literature,  does  not  exceed  several  tens  of  kilojoules, 
and  requires  a condenser  volume  of  no.  less  than  several  cubic 
meters  for  its  accumulation. 


We  shall  now  compare  an  electrical  discharge  with  the  ex- 
plosion of  an  explosive  of  identical  energy.  The  rate  of  energy 
release  In  the  case  of  explosions  of  solid  explosives  is  determined 
by  the  rate  of  detonation,  which  is  around  7*10^  cm/sec.  Consider- 
ing that  the  density  of  the  explosive  is  equal  to  approximately 
1.5  g/cm^,  it  is  easy  to  find  that  the  typical  linear  dimensions 
of  charges  are  within  the  range  from  several  centimeters  to  several 
tens  of  centimeters  and,  consequently,  the  energy  release  times 
are  within  the  limits  of  from  several  microseconds  to  several  tens 
of  microseconds.  Electrical  discharges  in  water  usually  take 
'place  during  times  of  tens  to  hundreds  of  microseconds.  Thus, 
a significantly  slower  rate  of  energy  release  than  occurs  in  the 
ease  of  the  explosions  of  solid  explosives  is  characteristic  of 
electrical  discharge#.  This,  of  course,  does  not  mean  that  in 
the  case  of  electrical  discharges  it  Is  fundamentally  impossible 
to  obtain  a high  rate  cf  release  of  large  amounts  of  energy. 
However,  achieving  rates  of  energy  release  corresponding  to 
explosions  of  explosives  in  this  case  is  connected  with  specific 
technical  difficulties. 


Because  of  the  high  rate  of  energy  release  the  compression 
pulse  emitted  in  the  process  of  the  explosion  of  an  explosive  has 
an  energy  reaching  60*  of  the  energy  of  the  charge.  The  pressure 
in  it  amounts  to  several  tens  of  thousands  of  atmospheres  and 
therefore  the  pulse  ha3  a ohcck  front.  The  intense  energy  dissipa- 
tion leads  to  a rqpld  drop  in  pressure  in  the  compression  pulse. 

In  v}']!*  1 - : j , • h-vk.-  * '>  th"  Increased  r at«  of  propagation  of  tho  shock 
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wave»the  duration  of  the  compression  pulse  increases  At  dis- 
tances reduced  to  a unit  weight,  on  the  order  of  100  cm/s  and 
more, the  compression  pulse  created  by  an  explosion  is  described, 
according  to  the  data  of  R.  Koul  [l],  by  the  formulas 


P - Pm**? (-  t‘0 ) 

*,-7200(U*/r),w|  •(*•];  0 - 5.8S  i0-Mrv*(r/U  ',*),n (.«c|. 


where  W is  the  weight  of  the  charge  (in  g);  r is  the  distance 
(In  cm). 

According  to  these  data  it  is  easy  to  find  that  the  ratio 
cf  the  energy  of  the  compression  pulse  to  the  energy  of  the 
charge  at  reduced  distances,  on  the  order  of  100  cm/g,  proves  to 
be  equal  to  20%,  which  is  close  to  the  electroacoustic  efficiency 
of  electrical  discharges  in  water. 

The  pulsation  energy  of  the  gas  bubble  formed  by  the  explosion 
of  an  explosive  is  approximately  equal  to  to?  of  the  energy  of 
the  charge,  while  in  the  case  of  electrical  discharges  it  amounts 
to  25-30?  of  the  energy  f the  discharge.  The  difference  is 
explained  by  the  fact  that  discharges  are  accompanied  by  signifi- 
cantly greater  energy  losses,  since  the  matter  in  the  discharge 
channel  has  a temperature  on  the  order  of  several  tens  of  thousands 
of  degrees,  while  in  the  case  of  explosions  it  amounts  to  only 
several  thousands  of  degrees. 
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